


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1985-06 


Composite Operational Amplifiers and their 
use in Improving bandwidth, speed and 
accuracy in active networks 


Luczak, Michael A. 


http://ndl.handle.net/10945/21206 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
(8 DUDLEY research materials and institutional publications created by the NPS community. 
«ist sae Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 


INN KNOX appointed — and published -- scholarly author. 

| LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 









wag eth ae Geese 
Ce ee OE Ot ats, 
FAO VANS 0 day 
y #2 La i a " 


og ASD Re Fy oy 
Vas, 


AHN Oe AD writ 


Bie hy nt B1G, aw Te Noche de ne ee 
honey Pee of 


Bhi tei @, Rte bod 

































a bal 1h "De hy “wes Ths Mal tg Pag? 
me ea fate it Mae bes nt Be 
“mh mh & be Sey DSM oak, ¢ 
ARR |r don, Be ORS Ble 
DRA Oh be arta byt ite ath 
he NEM Pees 30%. On yee esd hea re yh a SOBRE, Bebe heb Sete rete 
: : Oo Ay Be Ms Be Qe, DENA “De ty OOF ake kn eae Cs be plac te Aces 
Dy dw hte oy } Vaan BT AUDA yA? * Arh bee Sine mete, ua = ae 
‘SEROL my 440Md ood 7 he te My | le % er Qeing 
Diate Wane aera 
ict tid a Ee trae eat Bian Ge ee 
y te whe 
re iwi ny ig 4p Tera acheve «ar 28 z ser a tt Aad 3. 2 ; ue 
"Aman Peete we FEN B, Sag . 
a head fe =F “ . J 4 foots “Alene 8. g 
Me hg ARON Roe Cas ct 4 NAb Alael ves tL Lay UAE ts Metre ore rare 
io cecal ea ene x i a ore os cane. « wehhes OD 0845 wt oh cayaal ns FC Biv aise 
tes artis peek fm yz 3 0 16.6 me ee Meta ALEC OT ila asa ay iA 2 
Ae tap y hd BO we eit P 86 ae ats sheath 
Lond ian Pad Md meeit Af art 4 w< On ca aad a ee tar rie 
> iia Pe lita oe ee ey O68 OW NE SY, 4 
ones ansie Piast od gr Savane OF oR os, ava Gack 
tuft ft Pe yy wt Gatun Sate ata’ deat dng 
oneee SS NEMA 0 eg 
20h 





see hae oF. yey Men een Day tg, Soe Oy 
4 KP RET AS Deh ‘shay 
Heras ETT bo Dla Tey fh, wre 
vPde OW ¢ AOA tenth - “é Fok - 
oN ating 1 Penne " Q . 
























ecg {200 ten Re, te hens brta 
N04 Stes tg Bs de, ioe soeke Partitioned Ceara nt ae pages 
Ben be yA, merase lA, bee ae vinings Nate hen ee man oghetc acy <y 
aka atats SMa Pees Sac Sree weber ewe 
a oe oe Ty. de Yew Me REA Lhe 2 . 
ve erate tats ahem AG hs pee i & Reb lancer or eet tee Bate ta he her: 
wets A Heer ds LN Aetch bier eek ree She Wace welt Bet 
LUM ner Care Gi. hcotcamort wat orn, D4 eh 04 oh gr abet LS en aes Nia 
(ORR 80 Ct IEG Omi SP IRL) 08 23 0b As tan y, : 
4 ’ ane tere ih Satis Ah, Perisher tae ete ey 
Kolnn . RESIN a is ee ak of " 
hs antag Ca ole 9. toa vat 
eG Pots 0 #" eute i 
bik. en # x aK 
SAN Oe wig gh MUG adn eons of aeene : an rae See 
LE NM 0 woe Ce ee Oo eo ‘ ‘ it ase ‘ TARE TL teat, 
: Re tuba ed et Lae pee POOH wt hs dat Paola ee Ser a - lie ahs 
PR eer?) SSA Aa eee dah Se AS ctr OO aan od § daeag pay 
+s er AYE A dla: deh ro Seer oe ee Lae oe Peres ¢ 
yl tek ed che babel 7) Ra ow at at ee ey PiRine t 
il " » 
awe waa Uns Crt ~ 7 2 





? as a4 ert. Pty GR, 
De hee? Nh owe a a ‘20) 
Tih verb Foes Nate sath LB We tiath BS 





FRAT. 


Tyre Aer BE VaR ogre be arpa Bas: de Deter ha (Manel Ay Bere 
; DT hebe 82 Fiotine ies 
SE MeN he he oe : 
“SS el 
<0 aes hoy ne 

£ MN Iaids Wi daay of RE <8 ese A, Shen: 
Wage: metas 

2 Py Nts ine. 

€ Kae 
Pahad debe tatehed pty las Ly ee or 
Oe hab moe ik 


DAN HD AB yor gs 
























I hots he we brea SuGs 
°, 2 hele natn My Ch oe ey fatt bray 3B may 
*, panty. ceveeaes reais Lett Ree Ae Mek eA 
ReMi baAsaso how b & Ato Hirer eta eee ae a w$-S.nie. 
TALUR Ora, SMA ee RE SS Se Rt yen Cyye4 
Na Van tren iu sate $ . MIA bg Soe 
Vd ST aw Oey kaed oe , : by - : : garnet 
bp ty Waar doa et aes SAL mb eee 
Mme nore —Reobing ih ay re 2" g 5 bone : 
btm Rein Csb cures ee the Fae ‘ tn iy we ance: 
: = ~ ae ule berks SOL t eR. ; 
, a Vv =a mG : : ° an ae. at an i _?t wtead cae ; 
ane Radin , 1 O08 cme s * is A 
3 wR Met of APA ree ce iene bh 43 oes e Mlb te Q VAT AVE IR Cys ee ae are Heike) va awe 
vs ola iat ateaee Ee eT Ne 0 9ek & yg. 2 of. i Gi= in ' 
PER AR att eee : rates 
ts e . € 5 x; ab in 
Plt Saban aye pincer eats 
Or aF af a rt is ” a > 
SA Mme Moh dane Fate nic ge Seb Neg ot 
No Beseh dig! IO MO wield att 
b.| nF 0k tm al ol 18 nl hg fae tt 
write hee ae OE Sd loa dees 
Sie rence nies here 
J: x et 
heehee oy anise 






te Vinbavn arcernetrn ss 
e here beth ce aed : Abate a 

: me Boe IAL Nh We foRaP ses N Mic® WARE 2 ten 
A Oyen ak hy * tae 8 te dole ote Bw 

NM, AD Relies ag TiN wales *. Agee cha Web as 

oO0 tree fed oe 


Ln) ee 









ON Sete a” 
NP ey! 

_ aa 

Fa tame Fahy vs, 

NW Beis" 

So, ees 

eee i a 





eh Fe Be aim, 
w= VLA 


owe, the Ge te 
FW AN YD ne 


Mar hada Wea te, Make A cae =e 
wwe We amy Wh, wh EA Rhee ® 4G ‘enna 
Seb nN IEA Wa Weal, Oe Vilas % sar t< LP art Stale ye 
ib ripe aoa Ths Se SIG ite PW etic 








of td wheatd 

pn ends byt tad grab plats 
ay OF Ot = Peng 

Cen) atk oF Pear .g See oP We oh eg 








rr On8 3-8 
=6 FO: 















a Ma Pen ee Ty 
meets 
Md Rew yoy, ep Mara eaperte er bl brie tov he a 
Se SS CL estroge che bar tala erbatert tat at He Pati ted 
SMe wri PAROLE LALO URe bp he 
ave, pte. eh 
Le hed « 
i Fen. my oh Pa: ee yaa 
PABA RS dani is neler dey Shee 
a! 4. titrant Rene 
Pat ws 
& re A 60g PnP onto, 
at A att ie Peo Pett oR pm, Sate oe 
OO ME doh Belg mpd Spat 
8 OAM A, tty Pe Petit 


4 ¥ as Re tan ns Ry faa 
ste the Telarm tage h, A S de Guay Re haa ton )., 
ar Aa money 








“FroRe Na Won BBD, tag 
ne Be LatecR se Ty Ratariahs hye a, Pty terre Leas “heed, 
stow de eRe bed. 4 ROD, We Svae ls tint Were & Has Ihr, yeas 

bette tel lethepenin ee er ek Uy! 

70 #0 tk P MLAsre 

Wiese ay Bost a sete od vain 

eta 

= Onl 

PEM hohe tReet pitbadeten-c 


ON otras 





Mise 
Wate SAR yah Me WH Ma Ste te ot 

Be % Remy MO eae tome Dba ey SEE WU NSA Get Sain tery . 
J : hee te te ee ee Voids Aylin & NER CRe Th Ree eRe A 

. ree Nelda at AswIA GRY oh 

las * ore 3 

re 6 


MAR eRe ntact: By Ant, 3, 
eae SERENE RAI eA Mate, Rath fy 








ir | 


. 
HORS on Be # 











Th Ww A 
i Sa Anateleigtiea hte 
SG Teri, SMe whey 4, Water Adee og Saree oe. Rant Sy. On sts, 
SEAS URY, oh ean eee “Wot ne os bia! dh aE tasty Me teh iceee ne Lefton 
ak ee ‘Tie YB @ Boy botadia. tarde he eee hn ee he thw ie Se ee SR TT EN ea Lt een. 
aes beth eh ea ee TET oe at, OP Oe BF uh wy hr hry "PT he RRR 
Leis ete AMR TROY Dow Raters mame, RRM OAs ee TRaallas he ee, 
, 2 Mari AR OF ey Babee aed Went, ie a Metr or mebeh nee 
FA Wi A ie Ae Me tay ch, So eRe NEe Sweet ene ate nm, intat 
Serna he a8 age ae ee Nae’ Wh Seale nett Seok SA sed, th NPQ nsec ae bedi nant er rt 
foe \AiuKee ‘ Mriaeee ne ' te AMSA BA NL mek ee VW beni tinte BG Un ee 
PO Aebe ede as, SURO A Meee at By Woew, fi Ls *ea PN eee RO Ode hes a, Daw Ot 4a Ashe tothy dee OM wee a, 
ry apcateny: Vbbd &, MVEA Bese, DW Netes & ag, \ 
Soe Ay Von ge: 1 





i % 
SAIN Rab hy oy Mh 





Gr eae 
a ps FHC yer 

fete, . ed, We Le | 

= ‘ ae PB oD Ng! Se 

x. et @ at 8s, f i = . 

lhe ae Med hes yh Ss he Fe 4 


WRIA Ces 
J eet f 
P00 9 sensi 
Pe a Poe 
o = Fog AS on eee Aus onny ry vw. 
: OR oe Bee DM nit ho, een wad de oi Fe Tian. 
hee seats a coe DEAE Fo maa. Oh eek I hth cts 4, e 
a lh 6 othe os awe t.. Js _ 
eater k OPR pe Pgh we 


.! NR Rete n. 
. ee MAS SAD Be debe ee, os See ere ele 
Ny, Geter tea Ne Wade veyed 8M Ar wt § Bh eee Mrte-te-laeia Gener t-te ane eee 
Mtns Ban LY, aS Motes hea et re Ore SRA foe ten, Ls, 
Cert as ee & Saqete Rd eievthetnn 
behreratt oa 


we &. bikie inthe de Lk a, ee aA 5 
Teds bo he te 6 BUR, oe te Pay, 
We Reet = MON ta eee Ie hecirtinece-dat toch eee ee 





new PLA Cy M2 tra 


+ aber Oh 
NGS oma 


AIM Man, F 








lig Ma Fa Me Res Se MDa a Te Gaty Getig bering 
ms Se neem coe 
oar he 8 oh 0. ate now We ne ee <> oh ae, et aha Pat eee . a%5 So 
My CR WW tea hay, El Ip cig ie op wir athena Bs AST Site He bertnais enh a eee Meron tit he 
MGS WaMefSE Ke, 2 Sere eee es ah bah meee ee Ter, Ya Ye te Me a en 4 OR noe CW Wy hey ¢ ee — an . 
ae As beiierd LW Bt Rel WA Ain Ye Ate restetee oars auee bn He Tee We aul 2 of eect enn, 2h Dano oly Ga, 0 dn Pyeng oe rie = 
SYA AL ete athe LW eR. me em, me ee Ae teem, Seetorhs amy da dae Bate Sate Vgh tater e WL, ty AS! 
eek tet RAHA SD qe nek Soh. ete eR eh 
Fra rho Ye, artes eeuea oe "tah 
wt fe eee ty fT 
A wl 
ld 2 FAS OF Ob bib Bh orn 
lpn a RENE Pn Peo aes - en aa 
shed. ding idee et ib kia ae aa 
: A OME 06k sd fer the ee tYe umm, 
ped dad At ae $Awe.tK.2, Fudihte e 20M ¢ 
ese So Sy 4 2 
Per Me o, 


; Witten tn kL hee eet 
we? QA, 7b ees, = enw o.% Awa 
eo AAW yw an, 



























































<-hevnet Dat, Ma"Es tee op a Ahrieg 
= St het Ry Ta ee ca sla flim ae : 
a a SENS AR Aaa + Marae Fy, en a We - frome a> 
beh ee a a eit petter ee har Bt tn yet tah Wehr h meh ty Egat Re ty he peieaesgt te 
nF Sectoral trek Sr en DBR A Mya do oe, Sa ee are rar Wrst A erartin wine ey 
3A8 Be RAS hk, ny rere ask os fh rat Br thre doteinanrite ee ae Sal eee Satine ee Picea 
hve SW SPRY © te Ban, Akar iw BN waster ween eG bs en te Sel Pl Ny Ty Nh Piatt tees ageless tony eet ban 
Se Ce ie lis re, see AeA, Were wet pom eee SA ANSE Dre te intern te lene leptin 
x9 BAAN, ESS the rate Vide on BoA Gar WN, Sey cie CTI Strep teee cat ee CT ig tas pide eee | Tine haart, 
Aches Rom eee Kartal td oe oT eet PS DM Be darth ste dina a Pe et So fh a, ee he, aC leath A Be Mint ees Ake 
rNNOTe Ute wD AD. Sob hae Ah Sane ARON Oo ks grate Te neha ee et Seren ths Na nthes by A A ee ee Eeraean Neto Mode 
Ee eRe rite en nee re BeBeaste tnd he one, be dros ae Went A hinge etek retiig ane cee See tems o ESC aN eteaeag- sh 
VW eA AL, AWN eaten» hh earn ROR ete Tate eh Me RA ek egy ie ele bee te YAR At er BIG. Ne eh Warerr aie Lee Te Newt mn, ae 
prides Vale We TE Grae "y A  irlapaaaly SNP ie Se SVN ORD? ReVen Yorn Vine Ge Ty Mth Remite eth ne mn, Behe, da Serene t, Ry Sokeinte & tome 2 ee MS BR Spee sytato noah 
<8 Stewed 5 , ok LL ee Oe ag. > P40 -Wsl i Seregs geen, pp eee Mi ia 08 Ny Asta ee Nils haere ee Wea UA ony SOR aera ree eee eerie eS ™ = my 
ee Po ey : i rib a \ Abd . aes Oo Naps MEA 4 oy lithe > wee Io alle #4 ee ety ey Oe PAP ad iterate Utes Howes As RY Van 8 Kren ae ae Fo a A eh edt we Neen igen ey ah eet we boned wt 
Ff ch Od Ons a ang of t j dee a ee mi Son ed tae Tes Y NORD ately EM AGL Sate armani om ee erie PLA, ee ees ce tye ter ag RY ett ee Ne Na Se Ree Tn te We P eRe Ye wen 
FO ln aigh @ oe a P . en Pe ee SIO er sees nee r Ach aans end Mom ee bc ee ee Yee ae ST tay SA. ty 8 ey, foe) WAR RS Qn Be"? Me, bet eh ee a ee Se tee reptile ee Dee “= 
FMA Oates. £ a, Ate ignka = apa = fs SEP ACF a aye SOON COE TE Lee & Cot WwAm. Poke NAL wine K-Cuse Naerins Use hewmen, S = viyviea, Ga. eee ears O18 cere rates) Bo ey ay Ot wr, eA ey Seed Sefodntnde mir araerh = 
#6 cali anys d £4. A tots a DLW am ger » See Ab Ne omen Cory ey, peed a i See NB Vana, betrens CE re ed Arey MS eek Ol MAN = fe. neh KD m4, Neteepe ee eee es Slow MO afabhy Ay oe, Sealy Meh mines, ye - <emiGuesoes 
oS 42 7 08 anger eae wr es oR Arch oseton of a249Ph@ Crate. MAE Lae ce oP Meportane Si Be NOUS Hs Vir uee ei taco rere SEEN REN weer hax Wie NeW ainas Moke SE NNN winlce ees eee SRI NYS ata Satin ala Pe Nera rap tariet ofa, one ee Pbaec doe 
oe eet A on oe og - "Pot futuro MEU ED og oust re SPS ~~ De Orme yume os WINMY ARTA. ek an eum, Bee "LR ADA SH oe ree Bony Brey Cm ey OHA Ros itt toe tot ne ere Meo Pe aero te a dee ae er ee SIN Rom Tee Nat 7: Noten tte 4 Pre Pahet a ney. 
a Peer t gogns Ope MAAS os ne Aether a see : Lek ORI S ohn 40 oe Ve o$ bran SA erp tte PT ra \oeevin YVR Noho a. PLA A itv enlaleacuel ty Ped Bank® Vm oot Swear Se te MINS o enh che ewan, wae ce ee Sees Fe WHEN OAL De ie en 
Ni et AN en tg adie eee WP cay © hd 4 Ohne ? wh Ay PP S ..€ SS Pye eens os 8 car, A atae OR VR Rays OPO DY m ne Stewie on, ee bith, etd cbetat ne e bpertpactie ahs oh a ok a reife bene, A Oe © Oe fag tn Me Me Rent, Tam Par" wae ted, Semin Hath thee Son homes — 
VP ANE RE vg Pat af 0 = C.F eP Khe, ob en ee Ke nn 4 s eae ONO ot Nae ANITA UM ene ade feat mae vag ate Pe PBAE Mees Sweetest ee AN oF Sy Mier NTA caine, WR Met te 8, Bo Nee cam, Se SUNRISES ASU Recs itr 
iain duke ee aa . 8 ing hie re a, OL Oe Om Pe mye (ee n BR SED ive © Bree ona ery ANY MN. Ny BR nag artes WAAR “Witincinccen HAs Wetted cog Dee A oe RIN Paes, Pt. fnabligna tt ame gta eon mH Pam 
Some Legh et ened oe LS WADE gn ne 2 eee, ES Ren eanigs ~ ee Wap aar EN NN SOUR aca ioe PADS tate wy tee a BeNt Sat Neha” tb Aves otytane ara aoe Hatetadibann tr teentes) mies Pe vars mis eae 
POS Le ect. oh ee ™e : PL. nteos » ih. ee ey SA INEN AR AOD Ree Beep iat i, ee ee wh be ie SS ee Nel emcee) ela ee an me Fe Fe Oe mele 4 ey Dated ine we Biba Sas Rtn ne =e, iat =. 
"Peadie OF Ae BOE steel » SRA Bare ek mie TN. VRS 8) iar Pw he Sci Mh cae bode eee BA Ret AO, He Ren She inte a eaten borne dadn de te ie tvtysotetaal detente teh g 
aan at fe fA" OF MOF g 7 NO eee on CNPRAR ESTE SS eed cyan us Su re “RTA A seue WAI, WY Ama TEN LAF tigen tee We te Nbr" ete, fete ae BLY te hist tr tinten- dicate tre nt ee Fay eta thay atten 0, Lape parties 
Pm ht bok rue So Giga a Am ANG: 4a oe PR? Tho on. +a) ateten se ot am ay PRR non sey S cariage, brGr Gulia eh ot Be eee ee tt WA peti A ine ddetare at aaa ee SO eae eh eee SaRwbeteatey ® Antenne ely Syd rt tg parte abd edicts 
SO: Oa ing Peal hea ge a on A RR | VieM ree 8k there Swi NAW ASS Sm en SP Set Cohe gyen SNF SG om Ge eee ih sce Niches, eek Se eet wate ee Be Nap ehiiear tartan grat tr eral mci ene! 
ee E! Deen t Roe ee ng Lee Nery wae Seen ere se La ae eBars OE ae Wry ewe a in ay segs Se tete Meron A tL RCS Sime ati Peay te eras, ee et ete oe 
Nae or aie alten ee RATERS Ro te few rage ole TieT PR rar & am it" Na VS em mae oN RSRON Sie ek aly ma om ea Sy Ve teee Sn. og een e Be Fee Stand, 8 SE 
aiaR sha ve we sas Pina ta ae St Ne A DED ames MAC OE ons n xo : site Fee ace ee We rati ct Ae “re Pee Hip) a 6 ERI Rte a Re mee eee te 
- oe gi caicy ee Pipe, FP Na ad SF, Bo Viper ee ok me Pus ho PhS OP beta ahd os oe An. On. F sry my, Me oe . % Weteun pp atinsinn es, ee », ame We ¢ hsetArsectea aries bends hears 
a a? Ae ote @ Set ree Wek aves te ore es Me eet Noon re a ind eta teat ee oh Nets IE a ee bes AA yen oN Rae, ee ; hare . eager eo irarers eho ed 
0 Mm i ee an FE tg hal a am wl nat ng a Pye Sd c 3 m8 Nyrete 6 sa es ue oy = FS AMON Te Pose ay #8 NS chon wae Omer? VEE : : Liweney Cenk we WAALS BAAD pipes P , [ed Nan yo, ¥ Satttye Me dem Oyll. in te May Be Ramee iy Meee 
Gps ind He Phe et aty oye Denise: ie otha RADE RDN A EYP. empire oe = tere setae oTh 9489, Sw oe KA: oy iS Fak I re nee SAPAR IN Crete ble Cum eet cmnmys iiditie arate toe Re Meet MPs ey NT Mee vg ties oe ene oa eat len mg carve 
Cot Oreo ma, PH $ AMA ats 6 ) . PMP ANI B08 in Os Bice Sak CALAN ok eh on ons teee F . : Mar doaianay hank tele en whee WebALs Bimel. wk So. A Une, 9a BG, rte, fant wine, Vee, tn Rory Pe Weed S Astle ee bes Votan tintin dient en 
: Pak” EP oe ig : ou Dm tg, SCF SATS ND ANN es ce Seas ENE e: Beck oh Tach “3B AN neh DA PrAANe 6978 : . Me t995,5%. oie eo fA ces Ronin, Sweat, wots toe it ety Fea conh witch Caren, Raheem tone, lt Um taedin ee 
AiPAln @ Ph eam a : fot% Tires Sean ME VA. 00 CR MINA mn Pode 20 ay 7.5 ereter WV anane aa 8 ae wk eee Ants men dos, MEMS, SeMateme WES 5, ape eye 8, hedhichiestaerte ti Raper hi tar fe deen nn 
sO AP Ase we ence fine Poort. ig - Vee Fame SIO OCI 6 Oe cay OFS AAD INR Oh Oe, Fete VINE 08, meu naSa, cc pitta» + eet tend teeta tet ie eee re Men r= wee. Raat, bt Bunt en voies sae ~~ Set Sg Rte 20 Pe Pee Seat, Gere 
i ie i y me 8 *MOW O04 Cet other es Kim » Te NA Ne 7985200 18, 8, ae. A ba, aw + Meenas" oom « ee corer aries fe Aime N telly Nee, * Pe a rea ot elie Pa ete Tete yee - 
SAO etn re er Mans cau NERO thee Bs, gPRVANH 4 EP 9D sh oe oh TENN @ Vee EG, Milam haidy oh Mat RY ee . po tried hak a ete tt Ol iene bhatt et a ome ate Basten Wothe 
\. O84 Ae nw Lr i A SO ed we 8, PO OPA 4 say & TP aN re on, f= ™ a.y, Nene WH Or me ah oe y aca UL et, ee wratet m * NA, BORA OE AO en Be, Pee ante ete BOTs Ren wee 8 ey eer 
oat OMA ine Fows BN FS Oe omen Fn NONE Tate cette SRN, Nahss snghienapin nine ‘ P LA MPa nN AE Teper pPetinttin te achat ee Fr dete aig cean e sia ee Heratte "ahaa tee 
Rivas cous ne Om are "ev tuana sh Nribstinaengeas wees Nannte 5 SOS Gabber #. pa enn TMs.ewae, gee fh: Lote paateen Pn hn cer ar oie ihdatiiet Kt Pe Re ete he et Te tok pee he ee es ~ee w taly Pan “amt Ere et 
AP oa. Pgh whe nn NS Abane ny ee ON A A 0) onze Bas baie en Ors a te Were oad ee btaindiindt eh ato eee wf: See AN te &, Pe rete ee AN errenn i ae Natalie inde Gant eT ors wn 
cor ae a aay Ah ele Seah eee oa mderes , ie f ° OO INE pa MP Stare eee og ae NE an a et plone ets age Fe en PRA Gee Sys cg oe AWS WN Orla Row ig Leos ote aN Mette ee a tetas Swe Rairiliess 
; pedal a 4 tr Gees 1 3 BAR" eRDE TO A SN OA Ree oe Ret Far as te Nettie aarp fee oa 5 Som nw ere WL a ete Ta et Ae whe eat A eter be BB To oti eee ee iuicuned his hs eS pied 
olen mF SrtA ees AA on tcp ro OCC Wf Rant as ts Mle? ALY ben ane alphas) ol MEE, oo ores SS Nm Senet STAR Nee tte Ne an Dee Teg = ke ete, So MS Nee eek, on tah etme Me te watt we yee rt tee ee bntiastaelisatinatnne, 
Ae PF ae Pye eee. 2 SPOT ee A, we nPeume AA ER me Doe Muress ge NS wah mul celeron opm To a Oe Pow Feta oe ran Kae wre a ee ne a) Wt hown, ™ Fl, lng Gitara ee ™ . Gene oryt el 
a We f 5 ¢ we Ret Oe A -# mes fotearems “Ocak wy & La. eee ane Se te wr Or ee Remora tae 8 SOON. cham ad ott Le Ww ee. A SRI Le ee Se ele Neat Sam eh Se pe Bitton arf — tare te temanp.ee =" <4 te =e 
SOS coll ap of : SOHO AS Sah 8 pe A ee FAD om, SAMY Wide 20 Oe Anwa a Mm Ywr ae 5 NaN ae, oe =; MP AN er tere yuefern en YD Neh ee te on ne ch ae “EM OM alee ee WANS eA aie “2%. “te oa: a 
“Wt on “eh Nn els Ath og a ee a . Bad weese wuss Oo aoe om te 2s Mme PSOE ree Hye se, 3 jweelag ee ee OO ey GN noe 5 a a ante) ™WeAN wana. “en, Bete My m. Ramets Be et, We eetn = AK 
Aetiom Cuy “48e SO ons ne “A Beau Ae © py froke nos ay her oust even a ws Metre bow SIE, Ties OR em we piss me See ar ere Pat Ca a hk, meee mw Figet =" me ate =A AF ene oe aan Be rem Oley fi we oe Sy OLR g Be, 
Rete at Me sh ey nid ie 5a sdal, SO fs € wim 2 es % * NR ete het segte Lee Ore oe a Sw EE Dr ade ee Cae Ce = maka ne Bg One See lg Rite sige ie Th eS "sath aM inte ae feta Sa" Mpg am, ptehtnel oat oe ee ee 
OPP oe sees Aa) Gwe CTA K ANAUEIGID ORAL x, Me i8e Vea. ante seenel eWay stteon Cencee "MR ARAL VN cin a ae 2 Al wes wudeawegy FS Nae Brae Re a eh ert tye OTe fete at, Nadete NS Se i tl ee aad 
Sod nop & PS be Pas ries vaste ow eet) Sa PONSASeN a eee sS bate Oe 2 NRK aco any ean yn = ah pada aes Mh Ta in Ee | ae cr hee ER A Se ane Wen eta ak, EA Weeder Nae ae ee 
ore ishng = ale Cater as fr otun PONS Wed =aee Ter oh © Se omy nr © * Veen ss wer A > somone WARS ~Ar een eee a ee mr +. SMe motu ea, 8S Uap, Retetey te » Sell er ve.0 lh Wem ate A Pag gan, me ee eae 
gh are “AMO Ao 4 ° “se ft Spece cg aes ta ee “hase aN e288 ee ny Nae ee Sac ere Wanna a ee ie tb “wine “wh Mebohn o he Se RN ese tes eA END Pon eee SN een At ons 
eles ee et Nm eo 0 22 See, CROs omg ‘ . ee eee MTs ela acing Maen me ny ate t) atk et PA = mre Rens gi esat ce os oe Gal a Se ean : Mes Bey et Be | Sema asi men mM ee oe! Re EP Bg en Nate, Raina Lee ee aE arte > 
* Aero inet eraal te yates ies ay Woh Pe Oma ee, “ oe =a at a ee retort PP. sae. Net tN LE Aho oon = i ; Pe NAW Neste mala e Pa tee Soe PORE NeNP TH Cie: tase Minna ae ce eee pees Neniet es cot ine ore ae pCR Shes 
oF eRe Fee Boon ati ine ee Gee age Nw NO lA Tr ma Ee NR wy * he ‘ . r wD FN! Ne pipe telat Caen, ee ee Tene Ne Aen sa rtd abet ae apa: 
aa) oP POA pw Ly “a oP a ae awe Bar “a eee os J ER eer fre tt en, ee ‘ , See Nets mS ee Vereen Pp tise’ AAO he het aos ee pie. 10a He Gate Rode oe Det’ fee Se hay we . 
Sa” On Fn CPAP mS ° . ae Ot Poa A um ae gg AN tages. m9 ° Sm the 4 7 FeSO Vern a, = 1,90 ae o ein Ge eS Bat ne om ar AL. Ba + Se Oto 28 12 meee gah ob. 
oO AM oA a IF he Ne ta! ne fo aT ba os sea areca bd EE rene O= » Pantene, 7 3 ; we A Rpts we ye Sot rane. Gok Plat ‘aoe Sethe Rartin tlhe eee ee Ore NES Aamnn Ss mene, Foe me, 
ae hat ae S08 ln oe P ‘ay Tatag” pane . tla ad Paro andy * =f eBnaxay 7 5 Te Acne: Moke ata ta Ne seas onan bg Seat mes Dal) eda gare cio “per Ae nae Stents em Ow, Soh eM ee, he om 
Me Lh Oe = P ture ve Pts oa Aes 2. one Pos Pteaneny « if aie x ae Naat panied Fanhouse Aine Ae Neca Sixt oy ASA NTN kee, a oe BH OT Re om = * 
Cnt mre ot, alias Ot" on os © faut* 6 PR ae = : aie A favay at AS) be 3 Sanam gn . Mere “ty aa= 4 we ; SA Peat ruth te = On —-m - ea rp _ —h fess wa MTs On hed ona ha ee SE Bere ee ele ‘ew oly an i 
; eae ene wasp RA ates \ as * eo Suet a “8 FAP ew A wae Nang inion ad WE he Mee oe! , ~s% SO Se se aoa haan eu x An Mm mae i a Aotan* ote Sy eRe Aas ns Sate me, mre MR ee BT et Benes, Sn Sn ear ee soe 
: ~ FF ane ' * wit od Fat wep ta Pe ot ie WPA oe Ne ve . ue ee) hanes . ” TiAse “- Prov t a t iS nm “7 e = Pa an ae a eS aa mie woe, et a wince te Bite ao nny gt 4 - 2 QS = on ‘wrter 4, = “. “~ Fn es 
NA Ht Aner wees ‘. . sm Ct ee o™ Rh Othe y Of es Silke £ - ae NAAN t hy on om Ne ero, ae eae dah oy € A be ye ee a TR Wy Mem an oe aaa sca A tet aeeies be eee nS age hm oe no he See ap San, vw 
tale Ad a fag le ts Sot AAR mg Rat dgn S Semen why ee! OP le elies nc RL A. a -* e a wi os ue xi * 2 » ‘ X Nia Ninian Sy 2 ead ye Pm me OR Ne et ete ry - 
3 “ eM Ns nh ee Mio wa 8 a mw ~ os Pr ar eae ws » Fe The A mbes -% ~ & A wo -» ree we, SE ee en ANG Ore Foe, et Mog Meme ¢ “ - = Maal" os ateaes - 
A ee oe oe os, rd f Odin ef : goin) aS eae : Pu % “ ‘ fw. 66 oud ’ , = IPED oe LoL P.O Ae ee n> ~Laheo . oe]; we ORS on i em « + wot Se" WN, SY Lito wn me ~ NAWvan a.” 07 & Sesh: 
~*- TMS AO one oe n a ae x ate 2 Sym Soe a Wes eee Na, mee lg dia eee 
Pa oie ball 8 Oe te oon ee ee Te ate Cea aah Pe Fag ee een a. PPA we 3. omen, va ON Sana, roy sf . wae Pee, CRS An I Pat, Ses Psnsesy ‘~~ ~ 7 "aw vet te 2. S Peron OS ees Be cell oan eae — we ha At =~ ote Recs geal oie aisew log 
ad oF Ot ae een ea OF we Coe. Lapp aera ire Pre” ¢ Pitted or at) aie: a= +t o we he - me a bs ef ET) rhe em = POON RA DY Sem, Sees oe % Sen eee es at y ere ee ee we Lee ene we, ‘Sade Wh PALA Ce we Fame N APA. BLO ae oe mee = 
Ot arr oe Pa® mie wh aa a ss * = ald . on. s6 Pn an eee mR. 7 cutee gy - tn - a ce! = m4, ” a exe my » - - % AoA ee . ™ é Wie Arey sam an Le Be ete we hee! emer as, an fen" 2, “3 ”~ al ae, et Fae Matertetiairy FL 4 Chl ool oe ee aa oe ore 
BA A en “Al re aw Sa ov aK cates Pew og on Ot at sel Ig 7 AAS Are, 8 one * ¢ot =i ghee SOR eae 5, ~ a bi Sw asa “AR wa. eS ON pees, ? ran wy . » Me Mig dain ST, ae Rats rate SEN PM wk neree® O 8 ESR ote ee © oe ee ae ee 
—fePan, aa CRIN M nai l> "4.¢5. <a 3: 7 te wwe Pina e ft ag iN pe) «8, SN A Hd al olin alpine nit Feith ott Ww me ‘ ha a 07 aye a ey ee a at nn, ot Tit ok Sit Pe as ‘ ¢ ~ ee er Ames Kone ws wy it, ee WAe FP Mre Ae mee Sg te lye Sindy oe a ee = 
r— we 7 Per Plage =o OM oh Wn orabia® aw a 7 Ha we 8 las Ser Te a #8 1 « aPF Oten , Pore en aoe ede ° Cs eee - =f a eR <=s * -*« AG ‘ a ht, le S os” BM our Yemen Ask me D8 uty ste aHws, TS mee ele east 
aps ran gm « 7h ant f iA is ge ae ego 7 Sele 2 oe z a ae oh F mPuE te 2 oo ~ oes oa ee "M4 oe Pods ss3 e mweese WA gs = et ng bee aN ee eS Oe may * . Bee aa « ™~ wok a Oe tee on, =e tA nga. m « N “ fam ©, 
ee a Oke SOR eo Patna on “Se gan, C= (2s eG ae RP Ee rw on - 6 ue we ies he . oN‘ eae bh ee . ‘ as eS Teh tey ‘Ginn date Si a YP acon fT Vea S, del ne ea nn > ele ee P * wr we Be 
CE eae fda wean = BONS Pee wos wut ewer, © tae aaa Se rs ren Sa8 ete me og Shy as SOS Fhe,e, ‘tan = wan fun ri, ey een See og a oa tee ny * eM, ke, bac eee ee =i" 5 Amie mene ced SO BP wg 
o- Ha Gan a FP wm ee “ yd « ah a ~~. he on mtg os Re, dio ka ae ee Prete Poue ~fia : rad Fal ue ar ees 7 . ia on & fj “oa “a a Pies ip ms o 4 oe ee” Re at, = ote? ae oe = Prk aay nm Tor, 
a? ee AY wal gn se A Wi wine cace lars . Seer ie ios medrese = , . wv a ” a =? ~ ef Ne “=n cule > a » _~ a- yee he = od We mee 8 ‘ A . “we owen 8 hs SL em 7 oS we “9 tow une 
eat a al « a F8! Aare* ute — 9A mf eo a 3 aan ioe ae “ee wee . 38 ESE » ? ° P. ad ‘ =e 8 hm % = “ae 8 ry . ~~ — aA ® savema & ae Sue my 1% as Pe aD em Se nee ' = -% » 
SAR eae eta a pa) ere Lom Di ts fue aot Te eee erm. - a ms Cy os 74 Sea « : = he: Pee a: 25 Ste “+ % ~% AS tA WTA ew wef Pa —™ ~~ (f Me fey - edd ~ vt at Pent SS ee 
(il i Gv" ES us OY Gee a Pane - -~6 ~*~ a . “ = 2 = - a on - a eS ks - * » aah *» “of 2 v =F ~ = -° Peres Lt Te 2 ia “1 & . ie owl . bn Pe hy me = ow we 
ie Sos ee ta PS eed P we = enter aa Ser Smet E: ate maps Sie © oes a 4 eo Aa m | oA 62s apc SR er sn cay uot, ae 5 eect So Saat, Oa a ery “ae : = bai ena a ee Ot eee ~ 
— 2 8s Ink agree east er AP Hye = APP es ° fem Prgms» a» . a) $M ve o Ree apt) fe = omen y “a ON ie nn oe « Fe e _ me ny a ~ a7 « ee =* an Se eRe - win == ™ 
Fue ue eee so = ue wee te Cut = S ae ga cee a F earn ta « °he «£ 4 ° Ag a. ) ° ua an os ~~ ~ Raat oe - ‘ . le »~ ‘ey . = hee Bere Mh ree MP et Fame AK ve sent, we ried ite ar 4 ede: 
-_- Wo 0% aM om Mal ane a ne ee le ? so + ra Sn ae pa + ded A = auc # ne . va = me 8 Saeehn Sn OS ele a ee Swe r NM asa ele a) As . a= NF o we Fuh ete ny ow = tt eens be i -- i wGte ce ae ‘s Bae 
f = my ee ag ee per eke ane a aba é ciate as “ a © é Gee ge ne ° - *. as P = we rears . ah aatne aU» ~ Sa y = ae mes tee we eS teh ae ~ ye ao Sf Be - Saiki a AL -* re = ie os 
= “wrt. 86 Le or ot og o - Cail ere ie Coe aie = < gas eat - ¢ Si ue O38 Ay # . « fom o = m = a BE aa irae ere : 2 ~ tow Aa, ~. . e.° = =e o . % Spee ah eee a 
Ot or og “oA > ae Ae Poy Pd P e « an iilpx ° ae . . Fe . Pia . as & e vo A ' ‘Sitae wr e et os "Sy ee eke” aes age oe = tyre et — Pia Lt er) re oy ‘e 4 
oem 8 war os r POO A ipk ee Se Va tae on P =e o ‘ © Aer Pow ey ~ eer er ony OE is Sac « mares oe Sater a8 - o™\. oe es foe we pes oe eae esac 2 ee ieee 5 PANT nse ss rare 
« ey Pegas we Ps i —- M.-4 -. i mre fa 5 sae aes - yr és ee 5 4 * ’ 2 . wow - . SUA rust etaaice ok Bt x : ™N oh a, a — Se ere erty & oe -~ 4. =“ on = pr 
a Put ary ww ot 5 te a iti a Pee ¢e- . = aie ae = « ¢ of ad aan %e a =) Sea - tes Mme Am sg rics « rm = ee ce a /~* Las =e 2 _e" 7 - ~ = Sas 
me os aa a °¢ walin 4r . - ced * . aS me a . ¢ bl . %y ns a a = e re are we a Se =~ en Meee om be *. ha ~~ owt BA me me Came = . - 
~ - Sa eee hee *, = =) ES om « oe ge ‘: Geek # is 2 "- . . > - A” 4 . ba Patel ~ « 2 ma an 7 ~ exis - _— ad io <™  sete by ae eed 
i ee =o tne eh og 2. ’ . SS . ee Aocue r ' . . . a . e. ~ aime ene e Aa Sor “ eee ne ry so = me te os ~ 3 6 
ea a “ee one 4 a A@ Pe | —_ ~ vt . ” 8 . ~ -- ~~. io ee ~ = oe - =A or se = - =! "as 2 S™ stan = ee Bae 
: » “° a Pe 70 «6 “es i a c ‘ - r = : a as ma) SRioes ae — as . py ewe Soe Se ee en . 
¥ ° ¢ twee : aS e ’ - a sh 7 oe : “ " « ° = 5 oe ° in a Vi ls ™, PP — er rm . 7” oe “sae @ > as om x Te lw ye 
- ” La aa Ss iS # uy ~ . . * Fy = ~ = « . * yo Zs | Le aa - ee . a - -_ 7 se —“ ams 
i Q saan es an aan oo po wie - rn - z - - ” - e . P = 3 2 ; “ 4 Eh =e x n as ia on ba r Mess ace es a = ee as ate AA ne pene 
~ An? tp = La _- a a = as mae! x es . 4 = - a Pa e ee Ser =. at = ary ie See 2% my wines a “ws Fo 
- = e  « bad . e a a = . . - aah - - - = o “2 = ~ 
~ a * Ss iz = = = ~ oe = 4 a Pe ‘ eg . cia ie Ceo . o = Ps ws ae - ma Ae Sr a ms E ~ — Se - 
- bg Ce Pe rd ° . * « é = ‘aS ee Cm me ¢ = ang S . = * < = = a ~ ee » voos, ~. =. . ae a 
“- = -y¥ a = e ms aoe, - - aa ? aa a= « S a ik am a ORE = F mn 7A - . = a . in . s . 2 
2 mie “ . . =e s = woe . “ = ¢ “ 4 ° . = - © - = - z “ew - ha a > De « 8 Gor rem 
"« ee - * ” . e . js . = x ° ic "“e-" %n aN Fe swe Ae Same te 
2 a ° =. ra e mae ra i = piped - = ra = i. . . bd 4 = ° %. BR - . = . oleate ke wo "a, UN See ahs Rae 50 
wae rg - ~- « -* - ~ a ~ . bed : - . = ° e « . Oe met me le “. ee Oe = -~ 
= ] tad - o- "ee . : * ¢ = - s- ¢ « - “ mie Oh ee ~ ee. - 
i as = = - ve atl es = e oe = zs e e tn ra ._ ff ~ 5 - 
ps a ‘ - * fe 84. ° . - . 5 " . 
< ~~ *. aia aie a LY = e ; “i : . s * a 
2 Pa ad . a - ers = ‘26 : e = ~ 
os = o 
me an ets bd . ° . . eo #6 , 
as ae = a te = = = fe * . ss “ k 
: = = 7 « ae se " : . 
=". » re == . ©. 
P . “ . 
A oe 6 = a aa — 3 ‘=. 
° 


Sg a yeh DED edn 
Ce eee 42-year QhEA SD Me 
_— eae 3 Phe OS ANE eh, Oy Be EO Oo Does 
2 eee sow. ged SSW. Qa ei 
> 2 : eo Sint Wenn A a Whe ae ae ——— 
ar. ds psquectene Wt orth heitigegapar utche® waiscece ain sont We 
: aaa OR wee rh Z SAT ated ant Cert POO ae On 
OS SN ee RE Te TTT ee, ee 
4 oS ee BOS - > &- + Pat ee ay 7, Whe hes ta . 
: eK ee Speen oA oT a > Mah: Ba hehe 
ae et 6e5 : AN, eetr he Ra Ante On PER @ Oo 0a Sa’ wo) 1c! 
eC Ye es eee, Sete oh fe ee 
8 OS ph ity VEE Ie @ wet we 





Doouw t KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY, CALIFORNIA 93943 














NAVAL POSTGRADUATE SCHOOL 


Monterey, Galifornia 





THESIS 


COMPOSITE OPERATIONAL AMPLIFIERS AND 
THEIR USE IN IMPROVING BANDWIDTH, SPEED 
AND ACCURACY IN ACTIVE NETWORKS 


by 


Michael A. Luczak 


June 1985 


Thesis Advisor: Sherif Michael 





PeeeOJeamnor pUbiae release: distribution is unlimited 


T223451 








SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 


READ INSTRUCTIONS 
. REPORT NUMBER 3. RECIPIENT’S CATALOG NUMBER 


4 TITLE (and Subtitie) 5S. TYPE OF REPORT & PERIOO COVERED 
Composite Operational Amplifiers and Master's Thesis; 

fiers Use in Improving Bandwidth, Speed June 1985 
and Accuracy in Active Networks 6. PERFORMING ORG. REPORT NUMBER 





















8. CONTRACT OR GRANT NUMBER(2) 





7. AUTHOR(s) 
Michael A. Luczak 


‘ 








9. PERFORMING ORGANIZATION NAME ANDO ADORESS 10. PROGRAM ELEMENT, PROJECT, TASK 
AREA & WORK UNIT NUMBERS 


Naval Postgraduate School 
Monterey, California 93943 








12. REPORT OATE 


June 1985 


13 UMBER OF PAGES 
er 


Wl. CONTROLLING OFFICE NAME ANO AOORESS 


Naval Postgraduate School 
Monterey, California 93943 















15. SECURITY CLASS. (of thie report) 


UNCLASSIFIED 





4 MONITORING AGENCY NAME & ADDRESS (if different from Controffing Office) 













DECL ASSIFICATION/ DOWNGRADING 
SCHEDULE 





OISTRIBUTION STATEMENT (of this Report) 
Approved for public release; distribution is unlimited 





17. DISTRIBUTION STATEMENT (of the abetract entered in Block 20, if different from Report) 


18. SUPPLEMENTARY NOTES 


19. KEY WORDS (Continue on reverse side if necessary and identify by biock number) 
Operational Amplifiers (0As); Speed, Accuracy, Frequency 
Dependent Gain; Composite Operational Amplifier (CNOA) 


20. ABSTRACT (Continue on reverse side if necessary ang {dentify by block ChE 
his research examines a unified approach to several of the 


problems associated with Operational Amplifiers(OAs), namely, 
speed, accuracy, and frequency dependent gain. The approach which | 
is examined is the Composite Operational Amplifier(CNOA), where 
N=2, 3, or 4 single OAs. The CNOA is found to greatly extend the 
useful operating frequencies of the OA while maintaining low 
sensitivity to circuit element variations and a high degree of 
stability. It also provides a method for obtaining a fast and 


R 
DD , ae 1473 EDITION OF 1 NOV 6515 OBSOLETE 


1 


S/N 0102- LF-014- Ri@EGICL ACCIFICATION OF THIS PAGE (When Data En 
eA name SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered) 


——— en 
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 


accurate OA. An additional feature of the CNOA is that it can 
be implemented using current technology. A computer model for 
the single OA was created and validated, and provided the basis 
for proving the superiority of the CNOA. Theoretical and 
exterimental results were used with these computer simulation 
results to fully substantiate the findings. 


SN 0102- LF- 014-6601 
2 


i SE SS ar 
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered) 


feproved fOr public release; distribution is unlimited 


Composite Operational Amplifiers and Their Use in Improving 
Bandwidth, Speed and Accuracy in Active Networks 


by 
Michael A. Luczak 
Lieutenant Commander, United States Navy 
B.S., SUNY College at Geneseo, 1968 


Submitted in »nartial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN ELECTRICAL ENGINEERING 
from the 


NAVAL POSTGRADUATE SCHOOL 
June 1985 


ABolR Acs 


This research examines a unified approach to several of 
the problems associated with Operational Amplifiers(0OAs), 
namely, speed, accuracy, and frequency dependent gain. The 
approach which is examined is the Composite Operational 
Amplifier (CNOA), where N=2, 3, or 4 single OAs. The CNOA 
is found to greatly extend the useful operating frequencies 
of the OA while maintaining low sensitivity to circuit 
element variations and a high degree of stability. It also 
provides a method for obtaining a fast and accurate OA. An 
additional feature of the CNOA is that it can be implemented 
using current technology. A computer model for the single 
OA was created and validated, and provided the basis for 
proving the superiority of the CNOA. Theoretical and 
experimental results were used with these computer 


Simulation results to fully substantiate the findings. 


ae. 


ie 


ny. 


hob hewor CONTENTS 


DUTRODUC LI ONS — ee 19 
A. SACKEROUND = 12 
B. CHARACTERISTICS OF AN OPERATIONAL 

a ee Ly 
Ore oie hire sein DTH——————---————— 29 
Oo. SLE Me NORA ON Sasossoee eee 25 
Pe Coos OR enesoiNG ShEW RATE==--—--------- 31 
F. GONCLUSTONS 4. 555 === 36 
fie hemor es eGP MP MODEL—------------------- a4 
As BACKGROUND.) aH 
2, HS SPECE PROGR ese =o 37 
2. (OPERATION OF TS O00 12 Seeee= 40 
D. GENERATION AND VALIDATION OF THE MODEL------- U3 
EB, CONCLUSIONS 355.5. = == 55 
Pico le mere R ION AneAMPLEPIER-—-=-—--------—— 57 
jge BACKOROUND= 6335-42 eee 57 
2, GSE RAT WON O18 Wein C20) —— oo eee 57 
ie eee Aer INTE SCAlN AMPLE ETER---------— 6 8 
D. SIMULATION RESULTS FOR THE C20A FINITE 

acciy ANOLE Ro one 79 
E, GLE! RATE AND OP RSE ii 30 
EF, CONCLUSIONG 6 103 
Oi oe eee Re PETERS ------------- 104 
A. BACKOROUND.- <6 = 104 
B. THE MULTIPLE FEEDBACK (MFB) BIQUAD FILTER----105 


C. HIGH FREQUENCY GENERALIZED IMMITTANCE 
CONVERTERS (GIG 'S}MUSING eG) 6 === === ——=——e 116 
De ‘CONC LUS 1Q)\iG = = me 120 
V; CONCLUSIONS ==s==== 55 o/neie ces See nee ee 
APPENDIX A - PROGRAM FOR THE BASIC LM741 
SIMULATION MODEG===== 2.6 =e = = een tae 1oy 
APPENDIX PROGRAM FOR LM741 INVERTING AMPLIFIER 
FREQUENCY AND PHASE RESPONSE------------- 129 
APPENDIX PROGRAM FOR LM741 NON-INVERTING 
AMPLIFIER FREQUENCY AND PHASE RESPONSE--- 131 
APPENDIX PROGRAM FOR LM741 NEGATIVE SLEW RATE 
RESULTS =---+-2222=--2- 53 ee ee 133 
APPENDIX PROGRAM FOR LM741 GOOD SLEW RATE RESULTS-135 
APPENDIX PROGRAM FOR OPEN LOOP FREQUENCY 
RESPONSE /S IMULATION --==—==——— =e 137 
APPENDIX PROGRAM FOR DETERMINING TRANSISTOR 
COLLECTOR CURRENTS OF BASIC MODEL-------- 139 
APPENDIX PROGRAM FOR DETERMINING VOLTAGE AND 
CURRENT OFFSET OF BASIC MODEL———-—————=-—— 141 
APPENDIX PROGRAM FOR DETERMINING FREQUENCY 
RESPONSE FOR TWO CASCADE OA STAGES 
(Ks <10) <2s-242-6-<55-5255020 143 
APPENDIX PROGRAM FOR DETERMINING FREQUENCY 
RESPONSE FOR A ©20Al) (X= "-10) === = =a 146 
APPENDIX PROGRAM FOR DETERMINING FREQUENCY 
RESPONSE FOR A. @20A2 () =a =e ee 149 
APPENDIX PROGRAM FOR DETERMINING FREQUENCY 
RESPONSE FOR A @2043 (%= 2=ilgye eee 152 
APPENDIX PROGRAM FOR DETERMINING FREQUENCY 
RESPONSE FOR A G20Ay (= =.) ————=--=——— 155 
APPENDIX PROGRAM FOR DETERMINING SLEW RATE 
OF A C20Alwect=22oncecee2 ee eee 158 
APPENDIX PROGRAM FOR DETERMINING OFFSET OF C20A3--161 


APPENDIX P - PROGRAM FOR FREQUENCY RESPONSE OF 

PaEeEMO wh CciNGinn OA)—=--=-------~--.-.-- 164 
APPENDIX Q - PROGRAM FOR FREQUENCY RESPONSE OF 

seme Ue eaCe 7001) —-—--—---=----_-__---....- 167 
APPENDIX R - PROGRAM FOR FREQUENCY RESPONSE OF 

Meee er CEA, OAS) =---=—-------_-___. 1700 
APPENDIX S - PROGRAM FOR FREQUENCY RESPONSE OF 

Memse sPIUMeR USING Awe20A4 AND A C20A3--171 
APPENDIX T - PROGRAM FOR FREQUENCY RESPONSE OF 

Somer Pipmen (iDEA OA'S)—-------------—- HL 7 
| OF REECE ee 7G 


Sree ens Euros lich ==—-—--—--_—_~_----______-___- 1 


Li SiO: SS iLeGuRES 


Schematic Diagram for a Simple OA--------------- 
Equivalent Circuit of an Ideal OA--------------- 
Typical Multistage OA--------------------------- 


Open Loop Frequency and Phase Responses for a 
Typical Internally Compensated OA--------------- 


Schematic Diagram for an OA in an Inverting 
Configuration----------------------------------- 


Large Signal "“Slewing" Response Observed if 
the Input is Overdriven------------------------- 


Model for Calculating Slew Rate Limits---------- 
Slew Rate Limiting Effects on Output Sinewave 
that Occur if Frequency is Greater than Power 
Spebelakwakelelgt oo SSS Sa ae 
Inclusion of Emitter Degeneration Resistors in 
the Input Stage of Typical OA in Order to 
Improve the Slew Rate--------------------------- 
An OA Input Stage Using P-channel JFETs--------- 
Schematic for Basic LM741 Computer Model-------- 
Results of Analysis of LM741 Computer Model----- 


Schematics for Circuits Used for Frequency and 
Phase Response Analyses of Basic Computer Model- 


Frequency and Phase Response Curves for the 
Basic Model in an Inverting Configuration------- 


Frequency and Phase Response Curves for the 
Basic Model in a Non-Inverting Configuration---- 


Slew Rate Results of Non-Inverting Configuration 
with Junction Capacitances Included in the 
Basic Model (Large Signal Response) ------------- 


Large Signal Slew Response of Basic Model in 
Inverting Configuration------------------------- 


As 
aS) 


17 


Ike 


ons 


26 


27 


30 


32 
34 
38 


nn 


46 


4] 


48 


4 9 


a 


Open Loop Frequency Response Simulation of 
Basic Model------------------------------------- 


Senemate sone Capeuie Used for Open Loop 
Frequency Response Analysis--------------------- 


Eechematte Of Cireuilt Used for DC Analysis 
of Basic Model(for Transistor Collector 
Current Validation) ----------------------------- 


Schematic of Circuit Used for DC Analysis 
of Basic Model(for Offset Analysis) ------------- 


The Singular Elements Representations of 


Two Alternative Nullor Equivalent Networks 
Sereaimed Tron 2 Sumele Nullator—Norator 
Network---------------- -- -- - - - - - - - - - - 


Replacement of Nullors by Physical Networks----- 


An Example Network for Generating a Composite 
Operational Amplifier Using Two Single 
OAs(C20A) --------------------------------------- 


The Extended Bandwidth Composite Operational 
Amplifiers (C20As) ------------------------------ 


C20A2 Utilized to Derive the Open Loop 
Input-Output Relationship----------------------- 


Computer Results Frequency Response of Single 
OA vs. Two Stage Cascade vs. C20Al1 Inverting 
Amplifiers (K= -10)----------------------------- 


Schematic Diagram of Circuit Used to Generate 
the Results of Figure 3-7----------------------- 


Input-Output Relationships for the C20As-------- 


C20Al1 Schematic Used to Derive Input-Output 
Relationship------------------------------------ 
Values of a for Maximally Flat & QpFl, odie fa 
their Corresponding Bandwidth and Stability 
Conditions for C20As in Finite Gain Applications- 


Frequency Response for C20Al Inverting 
Amplifier and Circuit Schematic (k= -10)--------- 


2 


yee: 


o 4 


24 


oy, 


60 


suk 


62 


64 


66 


ele 


TZ 


es 


74 


8 0 


Frequency Response for C20A2 Inverting 
Amplifier and Circuit Schematic (k= -10)-------- 8 2 
Frequency Response for C20A3 Inverting 
Amplifier and Circuit Schematic (k= -10)-------- 8 3 
Frequency Response for C20A4 Inverting 
Amplifier and Circuit Schematic (k= -10)-------- 84 


Comparison of Frequency Response for C20A1 
and Single OA in Inverting and Non-Inverting 
Configurations (k= 10)-------------------------- 85 


Effect of Varying Gain for Single OA vs. 


C20A1 Inverting Amplifiers (k= -10, -20, -50)--- 88 


Effect of Varying Power Supply Voltage for 
Single vs. C20Al Inverting Amplifier (k= -20)--- 89 


Effect Of Reststonr—-kabto 700) 2 a heaeie GD 
De 89 


Computer Model Slew Rate Results for Single OA-- 92 
Computer Model Slew Rate Resultsfor C20Al1------- 93 


Effects of Varying a on Slew Rate Overshoot 
of C20Al1------------------------------~----~------ Gu 


Experimental Results of C20Al Slew Rate 
Analysis------------------------------------ +--+ 95 


Effect of Individual OA's Offset Voltage on 
the C20As Input Offset Voltage----~------------- 98 


Schematie for C20A4 Used to Derivo wpe. 
Voltage Relationship---------------------------- 99 


Computer Results Of C20AR2 008i sere) etme 
AnalysiS------------------------------- +--+ 10a 


Experimental Results for C2045 witha eon 
Accuracy OA and a High Speed OA----------------- TO? 


The MFB Single-BIQUAD BP Filter seine a 
C20A1------------------~-------------~--+--------- Ge 


Frequency Response of MFB BIQUAD Cf 76.25 kHz)--108 


Frequency Response of MFB BIQUAD Cf 540 kHz)----109 


10 


Frequency Response of MFB BIQUAD Cf =100 kHz)--- 110 


Frequency Response of MFB BIQUAD Cf =60 kee, ) 
Showing the Effects of Varying a---=------------ Neale 


Effects of Small Resistor-Ratio (a) Variation 
on Frequency Response of MFB BIQUAD Gi el kHz)- 112 


Effects of Power Supply Voltage Variation on 
Frequency Response of MFB BIQUAD Oo aaal kHz) ---- 113 


Semparison ot Q and f Variations (vs. f? Gow 
Single OA and C20Al Used in MFB BIQUAD Filters-- 115 


BP Filter Realization of GIC Using Single OAs--- 117 


Praerteal bP Filter Realization of the 
Composite GIC Using C20A4 and C20A3------------- Ids 


Frequency Response of GIC BP Filter Using 
C20A4 and C20A3 Cf =20 kHz) --------------------- ue 


Menecets on Resistor—kRatio Variation on 
Frequency Response of GIC BP Filter Cf =20 kHz)- 120 


Effects of Power Supply Variation on Frequency 
Response of GIC BP Filter Cf =20 kHz) ----------- Jaga 


fas 


Ll. “ENERO SUer rol 


A. BACKGROUND 

The Operational Amplifier (OA) is used as the active 
element in most linear active circuits, namely, positive, 
negative, and differential gain amplifiers, integrators, 
and active filters. System design advancements have 
generated greater demands on the electrical performance of 
these OAs in several areas. These include extended band- 
width (BW), low sensitivity, and high stability, as well as 
high speed and Roe eee Considerable research has 
ensued in an effort to improve the performance of the 
Operational Amplifier. Their non-ideal performance 
introduces frequency dependent gains which limit the 
operating frequencies of the linear active circuits which 
employ them. The effect of this non-ideal behavior 
actually contributes somewhat less to the BW limitation 
problem than the effect of the passive components 
associated with the circuits. Thus, if the ideal mathema- 
tical model input-output relationship is H.(s), then the 
actual circuit yields H(s), which is different from H.(s). 
Further variations in Hs) result from changes in frequency, 
temperature, and power supply voltage. A discussion of 
recent efforts to minimize these variations is contained 


in Section © Gf thts gehapieur 


eZ 


The requirement to improve the speed (slew rate) and 
accuracy (offset) of OAs has been driven by such applica- 
tions as the introduction of the 16 bit analog-to-digital 
(A/D) and digital-to-analog (D/A) converters. The general 
results of efforts to improve these characteristics of OAs 
has been the attainment of greatly enhanced speed at the 
cost of a significant loss of accuracy. The slew rate of 
an OA is primarily determined by the type of input stage 
used, while the offset is determined by the imperfect match 
of the input stage transistors. A detailed discussion of 
the factors affecting the slew rate of an OA, as well as 
efforts to improve slew rate, 1s contained in Section D of 
this chapter. 

This research proposes a new approach to extending the 
BW and improving the speed and accuracy of the OA. Each 
OA in a network is replaced by a Composite Operational 
Pmplifier (CNOA), where N=2, 3, or 4, the number of single 
OAs required to achieve the realization. The resulting 
device has three terminals, consisting of an inverting 
input, a non-inverting input, and an output. Amplitude 
and phase compensation is accomplished by using resistor 
ratios as the controlling parameters. The CNOA has the 
same versatility as state-of-the-art designs using the 
same number of OAs, while at the same time maintaining 
the attractive features of the single OA, including low 


sensitivity to circuit element and power supply variations, 


ie 


as well as good stability. The investigation of the CNOA 
will consist of computer simulation, theoretical, and 


experimental analyses. 


B. CHARACTERISTICS OF AN OPERATIONAL AMPLIFIER 

This section will briefly discuss the characteristics 
of the OA. The OA is a three terminal Voltage Controlled 
Voltage Source (VCVS), consisting of a positive 
(non-inverting), negative (inverting), and an output 
terminal. A simplified schematic for an OA is shown in 
Figure l-l. If the non-inverting input 1s grounded and 
a signal is applied to the inverting input, the output will 
be 180 degrees out of phase with the input signal. If the 
inverting input is grounded and a signal is applied to the 
non-inverting input, the output will be in phase with the 
input signal. The amplified voltage is found at the output 
terminal. The differential open loop gain of the OA, 
denoted as A, is the gain of the OA with no feedback path, 
1.@€., with none of the output referred back to the inpoee 
[It 1s usually of the order of it) or more. 

It is useful to consider the OA as an "ideal" amplifier, 
and although in practice none of the ideal properties can be 
achieved, they can be approximated closely enough for most 
applications. Figure 1-2 shows the equivalent circuit of 
the ideal OA. The following properties are associated with 


the ideal OA shown in that figure: 
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Figure 1-1 Schematic Diagram for a Simple OA 





Powe gia Mente Circuitwof san Ideal OA 
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1. The ideal OA should not draw any current, l1.e., the 
input current at terminal 1 and terminal 2 should be 
zero. This means that the ideal OA has infinite input 
impedance. 


2. The output voltage between terminal 3 and ground should 
always be equal to A(v.,-v,), independent of the current 
drawn from terminal 3 Into a load impedance. This means 
that the OA has zero output impedance. 


3. The OA responds to a different voltage, v.i-v,, hence 
if v,=v.,, then ideally the output will be zero. This 
propérty is known as common mode rejection and it is 
ideally infinite. 


4. The open loop gain A is ideally infinite. 

5. The open loop gain A remains constant from zero to 
infinite frequency, i.e., it amplifies all frequencies 
equally. 


The operational amplifier is a multistage amplifier. 
Figure 1-3 shows a basic three stage OA. The first stage 
of this OA is a differential amplifier which provides high 


gain to difference signals, v and low gain to 


2 ie 
common-mode signals. The differential amplifier also 
sets the input impedance and its characteristics minimize 
the common-mode response and offset voltages. Offset 
voltages are small signals, usually on the order of a few 
97V =0- 


They affect the accuracy of the OA and are caused by an 


millivolts, which cause some output voltage when v 


imperfect match of the emitter-base voltages of the input 
transistors, Ql and Q2. The second stage of the OA 
provides both current and voltage gain. The voltage gain 
contributes to the overall amplifier voltage gain and the 
current gain is used to drive the final stage without 


loading the input stage. The output stage of the OA 
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Figure 1-3 
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Gooteateialbistage OA 


provides the amplifier with a low output resistance, 
corresponding to that of an ideal voltage source. 
Additionally, it must supply relatively large output 
currents without dissipating large amounts of power in 
the vic. 

In practice, the differential open loop gain of an OA 
is finite and decreases with frequency. Although the gain 
is quite high at de and low frequencies it starts to fall 
off at a relatively low frequency. Figure 1-4 shows the 
open-loop frequency and phase responses of a typical 
general-purpose, internally compensated OA. Internally 
compensated OAs usually utilize a single capacitor which 
gives a -20dB/decade rolloff(or, -6dB/octave). The 
constant -20dB/decade rolloff ensures stability of the OA. 
The gain of an internally compensated OA may be expressed 


approximately as 


A 
= O 
MO) = TF a7 Ni’ 


where A, denotes the DC open loop gain and Wa 1s the -3dB 





corner frequency (radians/sec). For w>>w , eqn. (1) becomes 
Ag Ww 
A(jw) = ——= (2) 
Jw 
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Figure 1-4 
Typical Internally Compensated OA 
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and thus the frequency where the gain a reaches unity 


Ci to2))) Wo? is given by 


Substituting eqn sys) antor (zyme. 


Wa i 
A) 
Jw a 
where f= Gane 
Bl Wel 


The term wo (rad/sec) or f (Hz) is known as the unity 
gain bandwidth (or, gain bandwidth product (GBWP)). In the 
simple OA, f is limited to approximately 1 MHz [Ref. 1]: 
This limitation is imposed by the requirement to limit the 


phase in excess of 90 degress. 


C. OPERATIONAL AMPLIFIER BANDWIDTH 

The high frequency rolloff of the OA imposes a limitation 
on the useful frequency range of linear active circuits. As 
discussed in Section A of this Chapters tU7uner practice @ 
limitations on the useful bandwidth of the OA are imposed by 
passive circuit components, as well as variations in the 
temperature and power supply voltage. The following 
approaches to alleviate the BW problem have recently been 


considered by various researchers [LRef. 2: p. 4]. 
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mee Pacsive Compensation 


Vitec eerOdemmencligaes Introdueeron of additional 
Paeetve Components to produce an amount of phase lead to 
compensate for the phase lag due to the imperfect OA's. 
These passive components are adjusted for a specific 
temperature and power supply voltage to match the OA GBWPs. 
If the ambient temperature or power supply voltages change, 
adjustments of the components will be required. In 
addition to this impractical consideration, the precise 
GBWPs must be known. 

2. Active Compensation 

This approach adds an additional OA to complement 
each OA in a configuration. The additional OA has 
characteristics which closely match the first. Although 
this approach has been utilized for specific configurations, 
Enere has been no generalized method developed for 
“eeercation to all structures. 

Ss. Wider GBWP OA's 

In this approach wider GBWP OAs are utilized to 
replace existing OAs in an active network. Although this 
extends the useful operating frequency range of the OAs, 
these OAs are expensive to produce and their cost may not 
be justified when a large number is required. 

In this research, the Composite Operational 
Amplifier (CNOA) will be shown to provide a unified approach 


for minimizing the effects of the variations described above 


val 


and to extending the bandwidth of the OA. It will replace 
the simple OA in the active circuit and will utilize low 
cost OAS available with existing technology. In addition, 
the individual OAs which compose the CNOA do not require 
matched GBWPs. 

Since much of this research is associated with the 
use of finite gain amplifiers, it is necessary to develop 
some basic relationships for this configuration. 

Figure 1-5 shows a schematic for the amplifier under 
consideration. This configuration is known as an inverting 
amplifier and as the mane implies the output is 180 degrees 
out of phase with the input. Since the positive terminal 
is at ground potential, the voltage at the input is given 
by “V/A. Thus, the current in Rl can now be found as 


V.-(€-V_/A) 
cl O 


dhs we 
I, 2 ee ee 
Ry Ry Ry a8 A 


Since the OA has approximately infinite impedance and 


I, = t, , then the output voltage may be expressed as 
Z il 
i 1 -. 
io agp Ra 1 re 


Phe I#R,/R,)/A 2 
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Figure 1-5 Schematic Diagram for an OA in an Inverting 
Configuration 


Z2 


As A approaches ®, 


Using the open-loop frequency dependent expression given 


by eqn. (1) yields 


Cas) Ree 
tay 2 Ee 
V. Cw R 7wCL + R./R 
1% 40 2) EE eee 
A R W 
O ly u 


For aera if R-/R,); and from egn. (3), 


VEG Ree on 
O = fo 
7 a. ae 
V. Cw) jwC1+R_/R,) 
fe 
W 
u 


These results show that the inverting configuration has a 
dc gain equal to -R,/R, > the ideal value. The closed-loop 
gain rolls off at a uniform -20 dB/decade slope with a 


3 dB frequency given by 


CS) 
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It can be shown by a similar analysis that the non-inverting 
amplifier has the same -20dB/decade rolloff, has a 3dB 
frequency also governed by equation (5), and has a dec gain 
om (il + R,/R,). These are very useful results and will be 


used later for analysis of the OA. 


ieouewW RATE LIMITATIONS 

If an OA is overdriven by a large-signal pulse of a 
Square-wave having a fast enough rise time, the output does 
not immediately follow the input. Figure 1-6 illustrates this 
Beeponse for a finite gain inverting amplifier. This 
response is known as the slew rate (SR) response and is 
defined as the maximum rate of change of the output voltage 
with respect to time. Figure 1-7 provides an effective model 
memecalculating slew rate limits for an inverting amplifier. 
If the input to this amplifier is large enough to fully 
switch the differential amplifer, then the current ar, 1s 


directed to the integrator consisting of A and C. The SR 


1s given by 





and since it) is always 21, then 


Zi, 


SR = ele (6) 


Zo 


Figure 1-6 
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Large Signal "Slewing" Response Observed 
the Input is Overdriven 
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Figure 1-7 Model for Calculating Slew Rate Limits 
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Next, consider the small signal transconductance of the 


input stage, gm, = I,/V.. It follows that that the output 


1 


voltage of the model shown in Figure 1-7 is given by 


gm,V.(s) 
V(s) =: —_— 
O sC 
Enatei Ss, 
Vaca m 
fe Cw) = O = a 
V V. Cw) WC 














It follows that the open-loop unity gain frequency, One 
is given by 
ety 


eyo (7) 


Combining eqns. (6) and (7) above, the slew rate 1S given as 


dV Zu ts 


ie : 
ck = EES em (8) 





The above relationship is extremely useful. It shows that 
for a given GBWP, Ws the slew rate is determined totally 


by the ratio 1, /gm Since Ww 1s the point where excess 


i 


phase begins to guild up, and since it is limited by 


Zs 


technology rather than by circuit limitations, the only 
effective way to increase SR is to increase this ratio 
[Ref. 3]. 

Full-power bandwidth may be defined as the maximum 
frequency at which the full output swing can be obtained 
without distortion [Ref. 4]. If the output signal of an OA 


circuit is equal to Uo Sarees then 


dv. 
scam =i y cos wt 
amd , 
dv 
oR = = = 0 (9) 
max 





Thus, the highest frequency that can be reproduced without 


Sees cOortion is 


(10) 





From the relationship above it can be seen that SR and power 
bandwidth are related by the inverse peak of the sine wave, 
V.. Figure 1-8 shows the distortion which results if an 


Pp 


attempt 1s made to amplify a sine wave with WW ay* Lig 
practical terms this means that for an LM741, whose maximum 


slew rate is limited to approximately 0.67v/usec [Ref. 5], 


gA'8 


V,tu 


OisvOATED OUTPUT av, 
4 w> ~ man 





~ ~ 


le DESIRED Vo! =V, SIN wt 


Figure 1-8 Siew Rate Limiting Errects sem @UurpuT 
Sinewave that Occur if Frequency is 
Greater than Power Bandwidth 
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the maximum undistorted output frequency for a 10 volt peak 


output, the power bandwidth, is 


6 
ie = SR Es 0.66x107 = IOeiss ale 
max Ne 2 SMG . 


This is a relatively low frequency compared with the 
bandwidth available using the 741 OA and clearly indicates 


the need for a higher slew rate OA. 


meee lLHODS FOR INCREASING SLEW RATE 
Several methods have been utilized to improve the slew 
rate performance of operational amplifiers and are presented 
Delow. 
iemlnereasing the Ratio I, /gm, 
From the previous section, equation (8) shows that 
the slew rate of an OA can be improved by increasing the 


ratlo I, /gm One way to do this is by the addition of 


1° 
emitter degeneration resistors in the input stage, as shown 
Mmomereure 1-9. It can be shown that the slew rate can be 
maemeased by a factor of (1 + gm, R,/2) SEs ee hiass 
effect can be observed in the LM 118, where a twenty-fold 
increase over similar OA's with no emitter resistors ls 
achieved. There are problems associated with this method 
however. Unless the resistors are extremely well-matched, 
they contribute to increased input offset voltage and drift. 


Additionally, the thermal noise of the resistors degrades 


noise performance of the OA. 
Sal 





Figure 1-9 Inclusion of Emitter Degeneration Resistors 
in the Input Stage of Typical OA in Order 
to Improve the Slew Rate 


SZ 


Zee lemiizainetield etfect Transaistors(FET's) 

iii brebCwrEl or MOSFET) has considerably lower 
transconductance than a bipolar device. Utilizng FETs in 
the input stage of an OA makes use of this normally 
considered "poor" feature of these devices and provides 
slew rate enhancement of the amplifier. This enhancement 
results from an adjustment of the ratio of equation (8). 
Figure 1-10 shows a model with JFETs in the input stage. 
It can be shown that the JFET slew rate is greater than 


meee achieved by utilizing Bipolar Junction Transistors 


ele 
: : = des 
(BJTs) in the input stage by a factor of C2KT/G)a, ; 


where ue and Ww are the GBWPs for the JFET and BJT amplifiers, 


respectively, and V, is the JFET threshold voltage. Thus, 


T 


memea JEET threshold voltage of Ver = -2v and is = W 


rate increase of a factor of 40 can be achieved by use of 


», a slew 
u 


JFETS in the input stage instead of BJUTs. Further, if JFETs 
are substituted for all the slow pnp transistors of the OA 
circuit, GBWPs of a factor of ten timesgreater than that 
obtained by the use of BJTs are realized [Ref. 6]. From 

the relationship given above, the improvement factor in 

slew rate that can be obtained by substituting JFETs for 


BJTs can be approximated as 


Z 2 10 
fopieieeee 110 s-2eyid . 68xiloee 


S18 








Figure 1-10 An OA Input stage Using P-channel JfETs 
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Although this seems to offer an attractive method of slew 
rate enhancement, it is known to have an offset increase 
of three times greater than that of a BUT [Ref. 7]. 
pemelticweasing the OA GBWP | 
For an OA with a simple differential input stage 
such as the one shown in Figure 1-3, the first stage 


jmeensconductance 1s 


eel 
aaa kT 
ere Chus 
ile 
iE kT 


Substituting the above expression into equation (8) gives 


dv Pe 
u 


SRS ag me 





From this expression it can be seen that the slew rate of an 
OA with a simple differential input stage is a function of 

w and some constants. Thus slew rate can be increased by 
increasing the corner frequency; but problems with excess 
phase can result unless an extremely good design is 


utilized. Although some good results have be obtained, 


21) 


it is questionable whether the difficulty of building such 
an OA is worth the improvement in slew rate achieved. 
u., Increasing the Charging Current 
This method of slew rate improvement results from 
an increase in charging current available to the 
compensating capacitor through alternative paths in the 
input stage. This method also finds limited application due 


to an increase in the offset voltage encountered. 


E. CONGLUSHONS 

This chapter has outlined some of the limitations 
associated with state-of-the-art OAs, including frequency 
dependent bandwidth, as well as speed and accuracy 
constraints. Methods to improve the OA bandwidth have 
been said to be deficient due to practical and/or economic 
considerations. It was shown that the current methods for 
slew rate enhancement result in an increase in offset 
voltage, as well as some degradation in noise performance 
in the case of the emitter resistor method. This research 
proposes the Composite Operational Amplifier (CNOA) as a 
unified approach to overcoming the limitations imposed by 


state-of-the-art Operational Amplifiers. 
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PP ol NE LON OF AN OP waniP MODEL 


A. BACKGROUND 

Investigating the characteristics of the Composite 
Operational Amplifier (CNOA) by computer simulation required 
development of a single OA basic building block model. The 
OA selected for this model was the LM741. It was felt that 
this OA possesses the characteristics and degree of 
SOphaistication necessary to accurately and completely 
examine the operation of the CNOA. A schematic of the 
Se eicular 741 selected is shown in Figure 2-1. The 741 
was modelled using the computer program SPICE (Version 2G) 


which is resident on the IBM 3033 System. 


B. THE SPICE PROGRAM 

SPICE is a general-purpose circuit simulation program 
for linear AC, non-linear DC, and non-linear Transient 
Analyses [Ref. 8]. It is used extensively in the private 
sector as an analog and digital Sestenmeool. Ciameuits may 
be modelled which contain resistors, capacitors, inductors, 
independent voltage and current sources, dependent sources, 
and the four most common semiconductor devices: diodes, 
Eos, JFETs, and MOSFETs. 

Eeoeciltre Capablilttpres Or SPICE which were particularly 


useful for this research include the following. 
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imeece Analysis 
The AC analysis capability of SPICE computes the AC 
output variables as a function of frequency. Initially, the 
DC operating Demme Of Ghewecarcuit 2s computed and the 
linearized small-signal models for all of the non-linear 
devices are created. The linearlized circuit is then analyzed 
over a user specified range of frequencies. The listing file 
for the SPICE program contains the DC nodal voltage values 
for the initial small signal bias solution, and if requested, 
a listing and plot of output values may be obtained. The 
AC analysis capability found specific application in 
determining OA and CNOA frequency and phase responses. 
2. Transient Analysis 
The transient analysis capability of SPICE computes 
the circuit response to a particular input over a user 
specified period of time. The initial transient conditions 
are automatically computed and are available in the listing 
file. Transient response data together with a plot of that 
data are available if requested. The transient analysis 
capability found specific application in determining OA and 
CNOA slew rate response. 
3. DC Analysis 
The DC analysis capability of SPICE automatically 
determines the linearized, small-signal model for non-linear 
devices if an AC analysis is requested and automatically 


Feaeermines the initial transient conditions if a transient 
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analysis is requested. DC transfer curves may be generated 
by stepping an independent voltage source over a user 
specified interval. These curves and their associated data 
may be printed in the program's listing file if requested. 
The DC analysis capability found specific application in 
determining OA and CNOA offset characteristics as well as for 
circuit analysis. Detailed DC circuit analysis was greatly 
assisted through the use of ammeters in the circuitry. 
The procedure fom: utilizingssPICE iompethee rl ities 

system is relatively simple. First, a program is created 
in XEDIT utilizing the procedures of the SPICE Manual lime 
the file is created SPICE may be entered by using the 
following commands: 

CP’ LINK. G166 po tis 7a 

ACCESS esr ae 

EXEC SPILCEIY filename faiderype 
The file produced as a result of the execution of the above 
sequence is identified as RESULTS LISTING and may be used to 


analyze the cireule conti. ieaerenm. 


C. OPERATION-=GR ian 7 a 

This section describes the operation of the OA selected 
as the simulation model and utilizes the schematic of 
Figure 2-1. This discussion follows that by Sedra | Ret 759m 
The circuit is designed with IC considerations in mind, that 


is, it utilizes a large number of transistors, relatively 


4 Q 


few number of resistors, and only one capacitor. These 
characteristics are dictated by limited silicon area, ease 
of component fabrication, and the quality of fabricated 
components. The OA normally operates with VCC=VEE=15V, 
however, it may operate at much lower voltages and still 
perform acceptably. Each section of the circuit and its 
basic operation are described below. 
ieee DC Bias Circuitry 

The reference bias current for the OA, Teer? 1s 
generated in the branch consisting of transistors Q11 and 
Ql12, together with resistor R5. The bias current for the 
first stage is generated in the collector of Q10 through the 
current mirror formed by Q10, Qll, and R4¥. Transistors Q8 
and Q9 also contribute to the biasing process. Teor provides 
emerent to ne double-collector lateral pnp transistor 
Oley 25. transistors Q12 and Q13 form a two-port current 
mirror. The output from the collector of Q13 provides bias 
current to the output stage and the output from the collector 
Mem2s provides bias to Q17. Transistors Q18 and Q19 
establish Vor voltage drops between the bases of the output 
transistors Q14 and Q20. 

wee LO pUuL Stage 

The input stage consists of transistors Q1 through 

Oye with biasing performed by Q8, Q9, and Q10. Transistors 


Ql and Q2 act as emitter followers and establish a high 


amplifier input resistance, as well as delivering the 


ul 


differential input to the amplifier formed by Q3 and Q4. 
Transistors Q5, Q6, and Q7, together with resistors RIG@r ae 
and R3 form a load for the input stage. The output of the 
input stage is taken from the collector of Q6. The tran- 
Sistors Q3 and Q4, in a common-base configuration, provide 
the OA with the ability to swing between positive and 
negative output voltages (called level shifting). 
3. Intermediate Stage 

The intermediate stage of the OA consists of 
transistors Q16, Q17, and Q25, together with resistors R8 
and R9. Transistor Q16 acts as an emitter follower 
amplifier which gives the stage high input resistance, thus 
avoiding loading of the input stage. The high gain of the 
stage is accomplished without using a large load resistor, 
through the use of Q17 with an active load formed by Q25. 
Capacitor Cis connected in the feedback stage to provide 
frequency compensation using the Miller compensation scheme. 
Capacitor CO gives OA a dominant pole at approximately 5 Hz. 
Pole splitting causes the other non-dominant poles to be 
shifted to much higher frequencies and results in a uniform 
-20dB/decade rolloff and a GBWP approximately 1 MHz. 

4. Output Stage 

The purpose of the output stage of the OA is to 
provide the amplifier with low output resistance and to 
supply large load currents without dissipating unduly large 


amounts of power in the IC. The output stage is a Class AB 
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output stage consisting of Q14 and Q20. This provides 
greater efficiency than an emitter follower stage would. 
Transistors Q18 and Q19 provide bias for the output stage. 
Transistor Q23 acts as an emitter follower, which minimizes 
the loading effect of the output stage on the second stage. 

Pmoiorrecir Cult Protection 

PMOrt Clreulmeprotection ian the LM741 is provided by 

EPansistors which conduct only if large amounts of current 
are drawn by the load. This would happen if the output 
terminal is short-circuited to one of the supply terminals. 
iiewcshort circuit protection circuitry consists of 
transistors Q15, Q21, Q22, and Q24, together with resistors 


Pomeeand R/. 


Pee GENERATION AND VALTDATION OF THE MODEL 

A SPICE program was written utilizing the schematic of 
Figure 2-1 and the program is shown in Appendix A. Transistor 
parameter values for the 741 were determined from the 
literature [Refs. 9, 11], although most transistor values 
were not available and were allowed to default to SPICE 
assigned values. Nodes were added and node numbers were 
changed to accommodate the various configurations used in the 
research. Various analyses of the basic model were 
Simulated and the results are summarized in Figure 2-2. 
Analyses performed to validate the model included the 


iol Owing : 
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1. The basic circuit was configured as both a 
positive (non-inverting) and negative (inverting) finite 
gain amplifier, with gains of k=10 and k= -10, 
respectively. An AC analysis of these amplifiers was 
DPerrormed by SPICE. The results showed a GBWP of 0.9 MHz 
and a constant -20 dB/decade rolloff. The output voltage 
agreed with theoretical values (i.e., Voyp (dB) #20108 (Von) 
and the proper phase response (showing a 45 degree phase 
shift at the dominant pole) was observed. Figure 2-3 
shows schematics of the circuits used in these analyses 
and Figures 2-4 and 2-5 show tne results. Appendices B 
[men siiow Lhe programs used to generate these results. 

2. A transient analysis of both the inverting and non- 
inverting amplifiers was simulated in a unity gain 
configuration. A large signal pulse (-5.0 to +5.0 volts) 
feemanput and a slew rate of +0.615 v/usec was observed. 
This value is representative of a typical LM741. Some 
difficulty was encountered with the model at this point and 
should be mentioned. An unexplainable voltage spike was 
observed at the beginning of the leading edge of the response 
pulse for each configuration. Figure 2-6 shows this 
Situation for the non-inverting configuration and Appendix D 
contains the computer program used to obtain these results. 
It is believed that this was due to the interaction of the 
specified values of the transistor junction capacitance 


with the defaulted values for the other transistor parameters 
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Figure 2-3 Schematics for Cireuits Used wiomw Frequerme, 
and Phase Response Analyses of Basic 
Computer Model 
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assigned by the system. These capacitances were included 
in the model in an effort to introduce the appearance of 
the second pole (which was never achieved). These 
capacitances were removed for all other slew rate analyses 
and the simplified model operated satisfactorily for 

these analyses. The model which contained the capacitances 
operated satisfactorily for all other analyses. The slew 
rate response curves are shown in Figure 2-7. Appendix E 
shows the programs utilized to obtain these results. 

3. An AC analysis was performed to determine the 
open-loop gain of the model. A large resistor (93,600 kf) 
was used in the feedback path of a non-inverting amplifier 
configuration to simulate an open-loop situation. An 
open-loop gain estimate of 93,600 was obtained with the 
dominant pole appearing at 10.5 Hz. These values are 
considered to approximate those of an LM74¥1. Figure 2-8 
shows the plots of the results of this analysis and 
Figure 2-9 shows a schematic of the circuit used. Appendix 
F contain the program used in the analysis. 

4, A DC analysis was performed to determine the 
collector currents of selected transistors in the model. 
Simulated and theoretical results compared very closely, as 
shown in Figure 2-2. Appendix G contains the program used 
in the analysis and Figure 2-10 shows a schematic of the 


circuit used 1m the vaneless 


20 


VOUT (VOLTS) 





00 80 160 424.0 32.0 40.0 48.0 456.0 64.0 72.0 80.0 88.90 9nu 
TIME (Wei) 


LkY 





Figure 2-7 Large Signal Slew Response of Basic Model in 


Inverting Configumation 


VOUT (DB) 


VOUT (DB) 


0 


=o 


80 


40 


-120 


booses 





10 \ow 210 Saeee 
FREQ (HZ) m 


2) dB/decade |. 


. Yat Phe 
: P as 
+ 5 . 
1 ee yen : 
* OSS ‘ Ce 0. sD ae 


10" 10 0 1 ie! 
FREQ (IIZ) 


Open Loop Frequency Response Simulation of 
Basics eae 


a2 


93,600k2 





mesure 2-9 Schematic of Circuit Used for Open Loop 
Frequency Response Analysis 


She. 


93,600k2 





Figure 2-10 Schematic of Cireuit Used for DC Analysiemm 
Basic Model(for Transistor Collector Cumiomm 
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5. A DC analysis was performed to determine the voltage 
and current offset of the model. The offset of this model 
was slightly better than that of a typical LM741, probably 
owed to the fact that matched transistors were used for the 
input stage transistors, something that is not usually 
achievable in the real world. Figure 2-2 shows the results 
of the offset analysis. Appendix H shows the program used 
to generate the results and Figure 2-11 shows the schematic 


of the circuit used in the analysis. 


eee CONCLUSIONS 

Based upon the results obtained from the analyses of the 
basic computer model, the model was considered to closely 
Simulate the characteristics of the LM741 and was 
considered suitable for use in studying the characteristics 
of the Composite Operational Amplifier (CNOA). The 
difficulties encountered in the slew rate analysis were 
not considered severe enough to limit further study of the 
eon. Efforts were made to obtain a full set of SPICE 
parameters from various sources, however this was found to 
be closely held data and the efforts were to no avail. 
As such, most transistor parameters was allowed to 
default to SPICE assigned values. The combined effect of 
these values and the high degree of complexity of the 
basic model was believed to at times cause problems in 


Meiosis ot Cilreults, specifically the DC analysis of the 


a 


circuits would not converge and thus the intended analysis 
could proceed no further. Despite these types of problems, 


SPICE most generally performed adequately. 


Se 


ieee oiie OPERATELONAL AMPLIFIER 


A. BACKGROUND 

Chapter I discussed the limitations of state-of-the-art 
Operational Amplifiers (OAs) in terms of their bandwidth, 
slew rate and offset and iterated methods for improving their 
performance. This chapter presents the Composite 
Operational Amplifier (CNOA) as an alternative to overcome 
the limitations imposed by these methods. The concept of 
nullator-norator pairing to generate then CNOA is presented 
and the characteristics of the C20A as a finite gain 
amplifier are studied through the use of computer simulation, 
theoretical, and experimental results. The superiority of 
the CNOA as an extended bandwidth (BW) amplifier with 
improved slew rate and offset characteristics will be shown. 
This research is limited to the C20A, however the general 


results may be extended to the C30A and CHOA. 


Pees GENERATION OF THE C20A 

The realization of the C20A is based upon an application 
@uenie Concepts of nullators, norators, and nullors. The 
nullator is defined as a theoretical one-port device which 
will neither sustain a voltage or current (i.e., V,=1,=0). 


The norator is defined as a theoretical one-port device 


which will sustain an arbitrary voltage and pass an 
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arbitrary current which are independent of each other. A 
nullator and a norator may be combined into a two-port 
device, with the nullator as port 1 and the norator as 

port 2, to create a nullor LRef. 12]. Figure 3-1 alors a 
Bonen acwe of an a nullator, a norator, and an OA in its 
nullor representation. A nullator-norator equivalent 
network consisting of n nullators and n norators yields n! 
equivalent networks [Ref. 2: p. 13]. So, for a nullator- 
norator network consisting of two nullators and two norators 
there exists two nullor equivalent networks. This is 
depicted in Figure 3-2. Each of the two networks shown can 
be arranged as in Figure 3-3 and thus a nullor equivalent 
network consisting of two nullors corresponds to four 
physical networks. 

Utilizing the above concepts the C20A may now be 
constructed by combining a second amplifier of gain H with a 
single OA. This network corresponds to a nullor. Figure 
3-4 shows an example of this pairing. If possible pairings 
of these two amplifiers are considered, 1.e., if the OA and 
the nullor are combined in every possible manner, there are 
a total of 192 networks. Of these? 136 repeesent accrue 
nullors, that 1s, the elements of signals can assume 
arbitrary values. The resulting C20As are examined in 
accordance with the folowing cri cernua Phen pes ole 

1. They must satisfy the necessary (but not sufficient) 


conditions for stability. fhis as realized aivene 
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(Circuit Containing One Nullor) 
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(Two Alternative Physical Circuits) 


Figure 3-3 Replacement of Nullors by Physical Networks 
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Figure 3-4 An Example Wetwork for Generating a Composite 
Operational Amplifier Using Two Single OAs 
CO 21008), 
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denominator of the inverting and non-inverting open loop 
gain equations have no change in sign. 

2. They must not require single OAS with matched GBWPs 
and must have low sensitivity with respect to their components. 
This is achieved if none of the coefficients in the open 
loop gain equations are realized by differences. 

Pee No fight-hand®S-plane (RHS) zeroes due to a single 
pole should be allowed in the closed loop gain equations of 
the C20A's (for minimum phase shifts). 

4, The external terminal performance should be the 
same as that of the single OA. 

5. The actual transfer function relationship should 
indicate an extended useful frequency operation. 

6. There should be minimum gain and phase deviation 
from ideal. 

Four of the 136 C20As examined for acceptable performance 
in accordance with the above criteria were considered 
satisfactory. These configurations are shown in Figure 3-5. 
The alpha (a) shown in that figure is the ratio of the 
resistors which connect the single OAs. The same basic 
approach shown here can be used to generate the C30A and CHOA. 

It was shown in Chapter I (equation (1)) that the 
expression for the de open loop gain of a single OA is 
given as 


A 


_ O 
A(w) = I+ jwo/o_ GE 
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Equation (2) from Chapter I gave the GBWP of a single OA as 


w = Aw (2) 


From equations (1) and (2) above, the open loop gain of the 
Single OAs utilized in constructing the C20As can be 


Wiebe ten as 


A_.w 
Se a. of 3) 


where A_., w_., and w . are the DC open loop gain, the 3 dB 
Gal mi ul 
bandwidth, and the GBWP of the ith single OA, respectively. 
The input-output relationship for the C20A has the 


Pemeral form V_.=V_A_.(s)-V,A._.(s), i=l to #4. The development 
O aal b 


bi 
of the input-output relationship for the C20A2 of Figure 3-6 


x 


is shown here. From the basic relationship for a single OA, 


<j 
UI 


(V)-V,)A, (4) 


and 
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Figure 3-6 C20A2 Utilized to Derive the Opemeicep 
Input-Output Relationship 
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me@em bans. (4) and (5), 


‘a > CV -Vi A An “Vo A, (6) 
Also, 
—_, 
Gok Rk 


which gives the input-output relationship 


(5 SA Cle aae je Eetoh) 
yw =y. 4 ~y. 4 (9) 
O a A,+(1+a) b A,+(1+a) 


Similar analysis may be utilized to develop the input-output 


relationships for the other three C20As. 
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Assuming identical OAs, that is, 


and the C20A2 in an inverting amplifier configuration with 
WOR the de gain for the C20A2 is given by 


A C1lt+a) 
A = a A (1a) for (1+a)<<A_ ao) 


OC2 1+ Cltad/A_ 
From (1) it can be seen that the C20A2 has a single pole 
roll-off from we SA. to we /Clta), where the second pole 
occurs. As qa increases, the dc gain increases while the 
second pole frequency decreases. Similar analyses may be 
performed to derive the de open loop gain equations for the 


Other three C2JUAe tinder Conetacran one 


C. THE C20A AS A FINITE GAIN AMPLIFIER 

Finite gain amplifiers find use in a wide variety of 
applications including active filters, instrumentation, vane 
oscillators. In Chapter I the concept of an ideal OA was 
discussed and it was shown that in practice tne amplifier 
circuits which are realized through the use of OAs do not 
operate in an ideal manner, but are frequency dependent. 
Furtner limitations in the BW are imposed by the use of 
passive components in the active circuits, and efforts to 


minimize the effects of the passive components have proven 


68 


to be less than acceptable. These efforts have included 

use of passive and active compensation, as well as actually 
utilizing wider BW OAs. Each of these methods and their 
associated problems were discussed in Chapter I. This 
section shows the use of the C20A as the active element 

in the finite gain amplifier and its superiority to previous 
methods utilized to overcome the non-ideal characteristics 
ereeune OA. 

Equation (5) from Chapter I shows that the BW of a 
finite gain amplifier shrinks by a factor of 1/k relative 
eeomts Unity gain BW(w ). If two OAs are cascaded ina 
finite gain amplifier configuration with an overall gain of 
k, it can be shown that a BW shrinkage of 0.64/vk is 
experienced, assuming each amplifier has a gain of vk. 

This bandwidth shrinkage factor results from the following 


Meet. 13]: 


where f is the total GBWP for the two identical stages, 


and f is the GBWP for a single stage. For two cascaded 
stages, n=2, so f = .64 £ . Since f for an inverting 
¢ m m m 
a: . U 
amplifier is “Sain (ids -wema cE )othen, for the 


circuit with two cascade stages, 
0.64f 
1 


VK 


Oke 


Finite gain amplifiers in either a C20Al1 or C20A2 
configuration will be shown to have a BW shrinkage factor 
ony zak for Q=0.707 and somewhat greater than 1/vk for 
ice a Figure 3-7 shows a comparison of the frequency 
response of a single OA, a cascaded pair of OAs, and a 
C20A1 in a finite gain inverting amplifier configuration. 
The responses seen in that figure approximate the 
bandwidth shrinkage criteria previously given. The 
bandwidth extension advantage gained by using the C20A is 
evidenced. An additional feature of the C20A is that it 
requires only two accurate gain determining components vice 
four for the cascade realization. The computer programs 
used to generate the results in Figure 3-7 are contained 
in Appendices B, I, and J, and the schematics of the 
Circuits utilized to produce those results are shown in 
Figure 3-8. 

Figure 3-9 shows the input-output relationships for the 
four C20A configurations. For illustrative purposes, the 
derivation for the relationship given for the C20Al1 is 
shown here. Figure 3-10 shows the circuit under consideration. 

The basic input-output relationship for the A2 OA is 


given as 
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Figure 3-7 Computer Results Frequency Response of Single 


OA vs. Two Stage Cascade vs. C20Al Inverting 
Amplifiers (K= -10) 
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Figure 3-8 Schematic Diagram of Circuit Used to Generate 
the Results of Figure 3-7 
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Figure 3-10 C20Al Schematic Used to Derive Input-Outoue 
Relationship 
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which yields 


ap 
V4 = a CAT) 
2 
Also, 
V,-0 _ V, 70 
ia) R R 


i = V,C1+ta) le 


Meem hans. €11) and (12) 


ers? 


Peeerom eqns. (13) and (11), 





(aS 


which gives, 


(l+a)+A, 


vi ee ALA, CItay (14) 


Now considering the currents for the external loop, 


Cites R! 
which gives, 


V +kV 
O IN a, 
(1+k) i 


but trom Cle 





VotkV ra ey Cl+a) +A, 
(itk) O AA, Cita) 
Omni 
Using Apia (from eqn. (3)), it ean be easily shown that 
V 
a ee (15) 
IN 1 + (l+k) s + (l+k) 
(ita) oe oe 
mZ me AZ 
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The general input-output relationship for this second 


order circuit may be given as, 


J, aoa EE iG) 


Then for (15) and (16) to be equivalent for the C20Al1 the 


perlowing relationships must hold: 





The above two relationships of the four C20A configurations 
are shown in Figure 3-9. 
Beemeot the transfer functions shown in Figure 3-9 has 


igo t OrmM 
s N 


where HH. 1s the ideal transfer function realized assuming 


ideal OAs and 


7 


eunel 


y, 2 
D = a * bos) feb = ] Fer )- + San 
i pp p 


From the above it can be seen that N/D determined the 
amplitude and phase deviation of el from H. and Dy and b, 


determine the stability of H.- Also We» aoe and & are seen 


to be functions of the circuit parameters w andor 


ilire oe 


Low sensitivity of Ho > Ws He and s tO the ereeure 


Z, 
parameters 1s guaranteed since in all of the transfer 
functions neither the a nor the b coefficients are realized 
through differences. Assuming a single pole model, the 
fact that the b coefficients are always positive guarantees 
the stability of the transfer function. It is observed from 
Figure 3-9 that for the C20A1l, a 5% mismatch in GBWPs of the 
single OAs results in a change in 5 and {s of no Grea 
Ean “2.008 

The necessary and sufficient conditions for the stabaghme 


of the C20Al through C20A4, when considering a two-pole OA 


model, can be shown to be the following [Ref. 2: p. 37]: 
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& Grech alia 2 
C20A2 
e20A3 Cie) yal ale 
C20A4 Cl+a)<4V1+k 


From equation (17), it is desirable to choose a such 
that ae and ue result in an acceptable amplitude and phase 
deviation in ie from Hs while at the same time satisfying 
the stability conditions given above. Figure 3-1l shows 
the values of a required to give a 7 = 0.707 (maximally 
ita) and o = 1. Applying the results of the necessary 
and sufficient stability considerations to each of the 
C20As shows that the optimum configurations from both the 
stability and BW standpoint are the C20Al and C20A2 


designs. 


ibe SIMULATION Poco ospelew mam c2Of SE INDIE GAIN AMPLIFIER 
The previous section showed theoretical relationships 
associated with the use of the C20A as a finite gain 
amplifier. Figures 3-12 and 3-15 show computer simulation 
results for the frequency response of the C20A used as a 


Finite gain inverting amplifier (k= -10). Figure 3-16 shows 


as 
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Figure 3-12 Frequency Response for C20Al Inverting 


Amplifier and Circuit Schematic (k= -10) 


81 





10 10 
FREQ (11Z) 





Figure 3-13 Frequency Response for C20A2 Inverting 
Amplifier and Cireuit SchematqeoeG=-—= Up 
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Figure 3-14 Frequency Response for C20A3 Inverting 
Amplifier and Circuit Schematic (k= -10) 
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Figure 3-15 Frequency Response for C20A4 Inverting 
Amplifier and Circuit Schematic (k= -10) 
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Figure 3-16 Comparison of Frequency Response for C20Al 
and Single OA in Inverting and Non-Inverting 
Cone ualrcdemons (Clg lll) 
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the differences between the frequency response of the 

C20A in the inverting and non-inverting configurations. 
These diftere yee are caused by the introduction of a zero 
in the non-inverting configuration. The transfer function 
of Figure 3-9 for the C20Al. shows this fact. The 
programs contained in Appendices J through M were used to 
produce Figures 3-12 through 3-16. 


The results shown in Figure 3-12 are analyzed below to 


show the comparison with the theoretical results obtained in 


the previous section: 


1. The output amplitude at low frequencies corresponds to 


that given by a single OA, l.e., 


Voyp (dB? = 20 log( kV.) 


Zoloel (10) earn 


=a 
2. The value of a required for maximum flatness 1s seen 
to be 1.35. This corresponds {6 the theoweuaea = ame 
given by the formula von Piegempe oy Joe. one 
/ W 
+r 
Q. = 04 707m yy ee a 
P JIf10" “1 


Which @ives=o—i5 35, 


3. The as he. oa corresponds to the theoretical 


value given by the equation of Figure 3-ll, l.e., 


a an Pn Seb Ope met siz 





which gives fe ean ee eee 
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Y. By using O=1.35 (max flat),_an additional BW extension 
memopserved, 1.@€., £.=3.15 x 10~°, which is 3.5X greater 
iegam that of a sing1® Om. 

The results for the other C20As may be analyzed as 
above and are shown to correspond to the theoretical 
results of the previous section. Based on the frequency 
response for the C20A3 and C20A4, together with the 
stability considerations given in the previous section, 
these two configurations seem to have limited application 
as finite gain amplifiers. The C20A3 has been shown to 
perform well as an inverting integrator [Ref. 2: p. 62]. 
Chapter IV of this paper will show the use of the C20A3 
and C20A4 in aceilwe -RC filters. 

The C20A 1 was further utilized to demonstrate the low 
sensitivity and high degree of stability of the composite 
configuration. Figure 3-17 shows the effect on Sameticken by 
Merying the gain of both the C20A 1 and the single OA. {It 
is observed that for both of these amplifiers as k increase, 
BW decreases. The bandwidth shrinkage, however, is seen to 
be much greater for the single OA. Figure 3-18 shows the 
effect of varying power supply voltage on the C20Al and the 
single OA. It can be observed that for decreased power 
BUpply voltages, the C20Al continues to perform better 
than the single OA. Finally, the good stability of the 
C20Al can be observed from the results of Figure 3-19, 
me Wemenes TeslStOor-rati1o was Varzed by +5% and the effects 


on circuit operation are observed. From these computer 
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Simulation results it can be seen that a significant BW 
extension over the single OA is attained by the of a C20A. 
Additionally, the C20A performs at least as well as the 
Single OA with respect to sensivity to circuit element 
values, power supply variations, stability, and versatility. 
The results discussed in this paragraph can be duplicated 
by modification of the appropriate parameters in the 


program of Appendix L. 


E. SLEW RATE AND OFFSET ANALYSES 

Chapter I discussed the methods which have been utilized 
to improve the slew rate (SR) of the single OA, as well as 
the limitations inherent to these methods. In each of the 
methods presented, an increase in SR of the OA resulted 
in an increase in offset voltage. This section will show 
how the C20A can be employed to overcome this effect. The 
analyses of this section combine computer simulation, 
theoretical, and experimental results. The slew rate 
analysis of the C20A will show that its slew rate is 
determined by the slew rate of the output OA (A2) and the 
offset analysis of the C20A will show that its offset is 
determined by the offset of input OA (Al). Finally, 11 wom 
be shown how these two features can be combined to produce 
a high speed, high accuracy Operational Amplifier. 

To simulate the performance of OAs to prove the 


assertion above required the design of single OAs with 
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different slew rates. This was accomplished by varying 
the value of the compensating capacitor in the basic LM741 
model. The computer program of Appendix E with Cl=l10pf, 
20pf, and 30pf was used to simulate the different slew 
rates. The computer simulation results of this effort are 
shown in Figure 3-20. It can be seen that the slew rate 
of the single OA may be enhanced by decreasing the value of 
the compensating capacitor. The OAs #1 and #3 were selected 
to be used in the C20A. The four possible combinations of 
these two OAs were considered in the C20A 1 inverting 
amplifier configuration and the simulation results are shown 
in Figure 3-21. It can be seen from these results that the 
output OACA2) is the OA which controls the slew rate of the 
composite configuration. It is noted that when a slow OA 
and a faster OA are combined, with the faster OA as Al, that 
an overshoot exists. Figure 3-22 shows that the amplitude 
of this overshoot can be adjusted by adjusting a. The 
program of Appendix N was utilized to obtain these results. 
This slew rate analysis was then repeated experimentally 
and the results are shown in Figure 3-23. From both the 
computer and experimental results it can be seen that the 
slew rate of the C20A is controlled by the output OA (A2) 
See che configuration. 

The above results can also be easily proven by applying 


the results obtained in Chapter I for the full-power 
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Experimental Results of C20Al1 Slew 
Rate Analysis 


cle 


ou 


bandwidth CW ax?' From equdtiony(9) of @iepeoasm 


Sey, (18) 
max P 








cE a 
Onax VO dt (19) 
D max 
Combining eqns. (18) and (19) above gives 
if - +. x SR (20) 
max V 


The result of equation (20) can be applied to the C20Al1 of 
Figure 3-22 and an interesting conclusion is found. First 
assume that the slew rates of Al and A2 are equal. Since 

it can be easily shown that the voltage at the output of 

A2 is much largér than that Gueeieso0 pu seme ee Toes 
clearly seen that the maximum frequency according to eqn. (20) 
will be determined by A2. Then by using a high slew rate OA 
in place of A2 will allow the C20A to work at a much higher 
frequency, with very little effect due to the dlew rate of 
Al. The result will be a high slew rate C20A with speed as 
fast as the speed of A2. This result agrees with the 


Simulation and experimental results achieved earlier. 
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Figure 3-24 shows the theoretical offset relationships 
for the C20A. From these relationships it can be seen 
that the offset voltage of the C20A is determined primarily 
iene Oltset voltage of the Al amplifier. For purposes 
of illustration, the derivation of the relationship for the 
C20A4 ais shown below. Figure 3-25 shows a schematic of 
the circuit under consideration. 
Eace , 


Vi-V, ale 


OR - R 





Then , 


V,taV, = (lta), Gos) 


ve = A_V G22) 


Sw@escituting eqn. (21) into (22) gives 


A,V,taV, S Cita)V, 


mech simplifies to 
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Figure 3-24 Effect of Individual OA's Offset Voltage on 
the C2Z0AS Pity Ube ec r eee 
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Pere 3-25 Schematic for C20A4 Used to Derive Offset 
Voltage Relationship 
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To perform an offset voltage analysis to demonstrate the 
validity of the assertion that the offset voltage of the 
C20A is determined by the offset voltage of the Al OA 
required the design to-two OAs with different offset 
voltages. One of these two OAs used was the basic LM741 
model. Its voltage offset was found to be 0.15 mV. A second 
model was created by using resistors in the emitters of the 
input stage transistors Ql and Q2. Its offset was found to 
be 0.916: mV. The program of Appendix O was used to obtain 
these results. The four possible combinations of these two 
OAs were then considered in a C20A3 inverting amplifier 
configuration. The results of a computer analysis OF “titsime 
configuration are shown in Figure 3-26. It can be seen from 
these results that the offset of the C20A3 is controlled 
by the offset of the Al amplifier. Appendix P shows the 
computer program used to generate these results. 

Finally, an experiment was performed in the laboratory 
to show that a high speed, high accuracy OA could be 
produced by combining the best characteristic of two seperate 
OAs. A high speed OACHA-2525) and a high accuracy OA(CHA-5170) 
were combined in a C20A4 configuration. The experimental 
results are shown in Figure 3-27 and conslusively support the 
hypotheses previously proven. 
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Figure 3-26 Computer Results of C20A3 Offset 
Voltage Analysis 
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mee CONCLUSIONS 

The C20A has been shown to be a superior extended 
bandwidth Operational Amplifier. In addition to its 
extended bandwidth characteristics it has been shown to 
perform with a high degree of stability and low sensitivity 
to circuit element variations. It overcomes the disadvantages 
imposed by previous methods of active and passive compensa- 
tion to extend the frequency dependent bandwidth. 
Additionally, the C20A has been shown to overcome the offset 
problem associated with attempts to enhance the speed of 
the OA. It has been verified by computer simulation, 
theoretical, and experimental results that a high accuracy, 
high speed OA can be produced by using the C20A. These 
results are better than those offered by state-of-the-art 
designs. An additional advantage of the CNOA is that it 
may be implementéd using current technology. Although 
this chapter has considered only the C20A, the results 


May be extended to the C30A and CHOA. 
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IV. USE OF THE CNOAWEIPACT IVE —oe eens 


A. BACKGROUND 

It has been shown in Chapter III that the CNOA provides 
an Operational Amplifier with far better characteristics 
than the single OA, namely, extended bandwidth, lower 
sensitivity to circuit element variations, better 
stability, and the capability to achieve a realization 
with both high speed and high accuracy. This chapter will 
show the application of the CNOA to active-RC filters. 

Many different technologies exist for realizing filters. 
Perhaps the oldest of these is where inductors, capacitors, 
and resistors are used in a passive RLC network. The major 
drawback of this is that in low frequency applications 
(de to 100 kHz), inductors are extremely bulky and their 
non-ideal characteristics greatly hinder the filter 
performance. Further, inductors have the added disadvantage 
that they cannot be fabricated utilizing IC technology. The 
RC filter provides an alternative to this filter containing 
an inductor. The simple RC filter is realized through the 
combination of a resistor and a capacitor. The selectivity 
of this filter is limited, however, since its poles lie on 
the negative real axis in the s-plane. Utilizing active 
components in this filtertcam inpreve the scetectiyity cm 


this filter by moving the circuit poles from the axis to 
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complex locations in the s-plane [Ref. 14]. This chapter 
will consider CNOAs as the active elements in these 
Paerive-kC" filters. Specific filters which will be 
considered are the Multiple Feedback (MFB) Biquadratic 


(BIQUAD) Filter and the Generalized Immittance Converter (GIC). 


feet MUETIPLE FEEDBACK (MFB) BIQUAD FILTER 

The MFB Filter considered here utilizes a single OA and 
is shown in a Bandpass (BP) configuration. Figure 4-1 shows 
a schematic diagram of this filter. The BP transfer function 


of this filter is given by the following expression 


Meee. 2: p. 83): 


A. (ny ——* S 
6 8s) Rott ae) ee 
eae tea egiew 
Meme kh =R, C,_.=C.=C, and hee 
“ES = OS EAI see ld Os 
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a—  ... te 
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Since the general expression for a BP transfer function is 


given by 


ais 
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H(s) = 5 
s ts(w_/Q)t+w 
O O 
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Figure 4-1 The MFB Single-BIQUAD BP Filter Using a C20Al 


AOS 


then for the filter being considered 


w= w/V1lt+k 
= VI+Kk/3 


BW = 3w /vitk 


where Wo is the filter poles resonant frequency and = 1s the 
M@mality factor. 

Figures 4-2, 4-3, and 4-4 show computer results for the 
freqyency response of an MFB using both the single OA and a 
C20A 1. The schematic of Figure 4-1 was used in the design 
of these filters. The design center frequencies of the 
filters shown are 6.25 kHz, 40 kHz, and 100 kHz, respectively. 
Additionally, the filter for each design is plotted using 
ideal OAs for the C20A 1. It should be noted that for the 
C20A the resistor-ratio, 4, can be used to control the 
amplitude and the transfer function at resonant frequency 
of the filter, as well as the quality factor on The 
effects of adjusting a are shown in Figure 4-5 for a design 
ong f, = 60 kHz. Figure 4-6 shows the effects on the C20A 1 
Beepomse Caused by a +54 resistor-ratio variation (small, 
as compared to the variation used to adjust f.) and 
Figure 4-7 shows the effects of power supply voltage 


variations. The response for the +5% curves are so close 
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that they appear as one curve in Figure 4-6. Figure 4-8 
shows the comparisons of Q., and Eo variations from design 
from the C20Al vs. the single OA. Appendices P, Q, and R 
contain the computer programs used to generate the results 
obtained in Figures 4-2 through 4-8. 
An analysis of the computer results for the MFB BIQUAD 
shows the following: 
1. The C20Al corresponds much closer to the ideal 
response than the single OA in all cases. At the lower 
frequencies the C20Al very closely approximates the 


response of the ideal case. 


2. The actual quality factor (Q_) and resonant frequency 
(te) are very close to desigh for the C20Al1. 


3. The C20Al displays a low sensitivity to variation in 
circuit elements. 


4. The C20Al is shown to operate acceptably with variations 
in power supply voltage. 


There was some discrepancy between the anticipated and 
computer results for the single OA. It was envisioned that 
the amplitude of the response for the single OA would drop 
off at higher frequencies, but it was not the case. This 
discrepancy also affected the C20Al to a lesser extent, 
but it is felt that the general results obtained were still 
valid. It is believed that this discrepancy is due to the 
high degree of complexity of the model utilized. The above 
results demonstrate clearly the advantage of using a C20A 


in place of a single OA in active filters. 
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C. HIGH FREQUENCY GENERALIZED DTMMITTANCE CONVERTERS (Glee 
USING CNOA'S 


It was mentioned in the introduction to this chapter that 
the use of inductors in filters is impractical due to their 
bulk and expense. One way to overcome this problem is to 
design and inductorless filter. One method is to simulate 
the LC network associated with a filter through use of the 
active-RC filter. One of the promising designs that can 
affect this simulation is the Generalized Immittance 
Converter LRef. 15]. This design maintains a low 
sensitivity to circuit element variations and possesses a 
high degree of stability. The same bandwidth limitations 
imposed by the non-ideal performance of the OA effect the 
GIC. Once again, however, the CNOA provides an alternative 
ne help overcome this problem. A schematic for this 
filter 1s contained in Figure 4-9. 

To show the use of CNOAs in the GIc, the BP realization 
of Figure 4-10 was selected. As shown, it utilizes a C20A3 
as the Al amplifier and a C20A4 as the A2 amplifier. 
Circuit parameters shown are for a design of f = 20 kHz. 
The computer simulation for this configuration is shown 
in Figure 4-ll. Also contained in that figure is the 
response corresponds very closely to the theoretical 
response. As was the case with the MFB filter, a was 
used to Contre® f and the amplitude of the response of the 


filter. Figure S=-12 Shows thewettcec cima. 
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Figure 4-9 BP Filter Realization of GIC Using Single OAs 
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resistor-ratio variation on the response of the filter and 
it can be seen from that Figure that the filter is 
relatively insensitive to those small variations. Figure 
4-13 shows that the filter can operate acceptably with 
lower than normal power supply voltages. The response of the 
single OA used in place of the CNOA is this configuration 
was not considered to satisfactorily represent the 
Situation and as such was omitted. The program of 
Appendix S was utilized to produce the computer results 
for the GIC Filter and the program of Appendix T was used 
to produce the frequency response for the filter using 


ideal OAs. 


fee CONCLUSIONS 

This chapter has shown the application of the extended 
BW CNOA to active-RC filters. It has been shown that the 
response of these filters very closely approximate the 
ideal at low frequencies and that the filters are relatively 
insensitive to small variations in resistor-ratio variations 
and variations in power supply voltages. Further, it has 
been shown how the resistor-ratio can be used to control 
the resonant frequency and amplitude of the filters. These 
filters represent but a small number of potential applications 


mem the CNOAs. 


Zale 


12 


LEGEND 
_VCCSLIOV 
_. \CC=#1e2V 

o _VCC=t 9V 





12.0 14.0 16.0 18.0 20.0 229 24.0 o6.() OHO 
FREQ (KIEZ) 


Figure 4-13 Effects of Power Supply Variation on Frequency 
Response of GIC BP Filter Cf =20 kHz) 


122 


V. CONCLUSIONS 


The objective of this research was to introduce a 
unified approach to several of the problems associated with 
Operational Amplifiers (0As), namely, frequency dependent 
gain, and speed and accuracy limitations. The method 
introduced to solve these problems was the Composite 
Operational Amplifier (CNOA), where N=2, 3, or 4 single 
OAs. This device is treated as a single OA and is shown 
to possess the same versatility as the single OA. Its 
characteristics have been shown to be superior to the 
Single OA and it has been shown to overcome the disadvan- 
tages associated with previous attempts to extend BW and 
improve slew rate. A combination of computer simulation, 
theoretical, and experimental results were used to generate 
the findings of the research. 

Chapter I discussed the problems of the high frequency 
rolloff of the OA and the limitations imposed in attempts 
to improve slew rate. Chapter II introduces the model 
utilized to generate the computer simulation results of this 
paper. Chapter III discusses the generation of the CNOA and 
contains the computer, theoretical, and experimental results 
which demonstrate the superiority of the CNOA. Chapter IV 


shows the application of the CNOA to active-RC filters. 


Tags 


Current passive and active compensation introduced to 
minimize the high frequency rolloff problem of the OA have 
been found to be in most cases impractical or not cost 
justified. Furthermore, each of these methods was 
introduced for specific applications and a general approach 
for different circuit networks was not found. These 
methods have included the introduction of passive components 
to produce an amount of phase lead to compensate for the 
phase lag due to the imperfect OAs, adding additional OAs to 
a configuration, and the production of wider GBWP OAs. ae 
was shown theoretically and verified by computer simulation 
that the C20A finite gain amplifier has a greatly extended 
BW over the single OA, or cascaded stages of OAs. 
Additionally, the C20A was shown to have a high degree of 
stability and a low sensitivity to circuit element variations 
when compared with the state-of-the-art designs. 

It was shown that each of the common methods presently 
available for enhancing slew rate contributed to an offset 
problem. These methods included the use of JFETs in the OA 
differential input stage circuitry, the inclusion of emitter 
degeneration resistors in the emitters of the transistors which 
form the input stage, increasing the OA GBWP, and increasing 
the charging current available to the internal compensating 
Capacitor through alternative routes. The use of the C20A, 
however, was shown to be a method whereby a high slew rate 


could be attained with low offset voltage. This is 
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accomplished by using a low offset OA as the input OA (Al) 
of the configuration and a high slew rate OA as the output 
OA (A2) of the configuration. The use of such different 
OAs in constructing the CNOAs was possible due to the 
fact that mismatching of individual OA's GBWPs is tolerable 
in these proposed families of CNOAs. This provided an 
excellent chance to ct composite OAs tailored to 
certain unique Spe@ 1 Enee HONE such as high speed and high 
accuracy. These improved specifications were proven through 
the: use of computer, theoretical, and experimental results. 
An application of the CNOA was shown in active-RC filters 
and it was demonstrated that these devices performed 
considerably better with the CNOA than with the single. OA. 
ine computer model used to generate the computer 
Simulation results operated satisfactorily for most of the 
research, however, some difficulties were experienced. As 
noted, a problem with slew rate analysis was experienced 
during verification of the basic model and then later a 
problem with the response of a single OA in an active filter 
configuration was experienced. Additionally, some 
sensitivity of the SPICE Program to the method in which 
values of components were input was experienced. Attempts 
were made to adjust the system tolerance values, but were 
memno avail, It is recommended that prior to further 
research requiring OA circuit analysis an attempt be made 


to obtain a full set of transistor parameters for inclusion 


les 


in the SPICE program. Attempts to obtain a complete set of 
parameters for specific OAs was not successful and as such 
most values were allowed to default to system assigned 
values. The lack of these parameters, coupled with the 
high degree of sophistication of the model is believed to 
have contributed to some of the difficulties experienced 
with SPICE. Consideration should also be given to 
utilizing a more simple model for the single OA. Finally, 
it is recommended that the 2G Version of SPICE resident 

on the IBM 3033, and utilized in this research, be compared 
to later versions of the program to ascertain the extent 

to which problems associated with the 2G Version hinder 
circuit analysis efforts. 

In conclusion, the objective of this research has been 
met. The CNOA has been shown to be a unified approach to 
overcoming the frequency dependent gain problem, the speed 
problem, and the accuracy problem associated with the 
Operational Amplifier. An added advantage of this device 
is that it is fully compatible with state-of-the-art IC 
technology and as such requires no new technological 
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THIS PROGRAM DETERMINES THE FREQUENCY RESPONSE 
CF A GIC FILTER USING IDEAL CAS 
DIMENSIGN AY(100),AX(100),AZ(100) 
COMPLEX FF,S,;UP,D0D 
Y=1/GBWP 
Y = Q. 
Gl = .«.z2ld5e&=3 
G2 = Gl 
G4 = Gl 
G5 = 0. 
C6 = Gl 
*G7 AND C3 DETERMINE FO 
G7 = e2l5SE-4 
C3 = 1.71E-9 
C8 = C3 
Al = 2. 
Be = 92.6 
CMEGA = 64e283E+4 
DO 20 K = 1,100 
CMEGA = OMEGA + 1255.64 
AX(K) = OMEGA 
S = CMPLX(0.0,CMEGA) 
AAl =G7*C3 
AA2 =AL*GL*¥GI*Y *YtA1¥*GI*C3*Y 
AA3 =A1L*G7*C3*Y*Y 
BBO =G1*G64* G6/ (G2+66) 
eet aoe | | Oe ee *S5O*Y/(G2+G0)+ 
BB2 =G2*C3*C8/(G24G6)+0A1L—-1.1¥*G62*G/*C3* V/(o2+G66) 
G2*(G44+G7 ) *C3*Y/(G2+G6) +AL*G1L*(G44+G7 ) *Y*Y 
B63 =A1L*G2*C3*C 8¥Y/ (G24+G66 )+A2* (64467) C32 *Y*YtAL* 
G1*C8*Y *Y + 
Oem ae NOE GN 1 ee *Y*Y/(G2+G66)+AL*G1*(G44+67)* 
BBS =A2*C3*CO*Y ¥Y+(Al— 1.) *G2 ¥C3B*C3*Y*Y/(G24+66) + 
AL*A2*(G44G7) *C2*Y**ZB4+AL*GLEC OXY**3+A] *A2*G1L* 
Soa et 
BB5 =AL*A2Z* UB ¥C BXY¥X 35+ AL*XAL* (G44+G7 ) ¥CB¥YR*G+AL5 
AL*¥GL¥CE*Y ¥%G 
PE6 =AL*A2*C3*C B*¥Y*¥X4 
UP = S*AAL + S*¥S*AAZ + GS *BR AASB 
DD = BBO + S*BEl + S¥S¥*8BB2 + S¥*3*BB3 + S*¥*G*XBBS 
+ S**x5*BB5O+ 
S** 6% BBG 
FF =(UP / DD)*1.0 
AZ(K}) = 20-*ALOG1LO(CABS(FF)) 
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